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Increased population and recent droughts in 1996 and 2009 for the Barton Springs 
segment of the Edwards Aquifer have focused attention on groundwater resources and 
sustainability of spring flow.  These springs serve as a local iconic cultural center as well 
as the natural habitat for the endangered Barton Springs salamander.    In response to the 
potential compromise of these vulnerable groundwater resources, a two-dimensional, 
numerical groundwater-flow model was developed for the Barton Springs / Edwards 
Aquifer Conservation District and other governmental entities to aid in aquifer 
management.  The objective of this study is to develop new methods of quantifying and 
distributing recharge for this model. The motivation for conducting this study includes 
the following: recent availability of more extensive data sets, new conceptual models of 
the aquifer system, and the desire to incorporate estimates of urban recharge.  Estimates 
vi 
 
of recharge quantities and distributions for natural and artificial sources were 
implemented within this model to simulate discharge at Barton Springs and water-level 
elevations from January, 1999 to December, 2009.  Results indicate that the new methods 
employed generated good agreement amongst simulated and observed discharge and 




 and 10.5 m, respectively).   
Additionally, these recharge calculations are decoupled from Barton Springs discharge 
which eliminates the circular logic inherent with the previous methodology. 
Anthropogenic, or artificial, recharge accounts for 4% of the total recharge between 
January, 1999 and December, 2009. Using observed data to quantify contributions from 
leaky utility lines and irrigation return flows, recharge estimates were completed with 
spatial and temporal resolution. Analyses revealed that on a month by month basis, 
anthropogenic contributions can vary from <1 to 59% of the total recharge.  During peak 
anthropogenic recharge intervals, irrigation return flow is the most significant 
contributor.  However, leakage from utility lines provides more total recharge during the 
study period. Recharge contributions from artificial sources are comparable to the mid-
size watershed contributions over the ten-year analysis period.  Urban recharge can be a 
critical source for buffering seasonal fluctuations, particularly during low flow periods. 
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This study focuses on a region of the karstic Edwards Aquifer known as the 
Barton Springs segment which is within and adjacent to Austin, Texas (Figure 1). The 
Barton Springs segment of the Edwards Aquifer (BSEA) is separated from the rest of the 
Edwards Aquifer by no-flow boundaries.  The BSEA provides water to approximately 
60,000 residents (Hunt et al., 2007) and discharges primarily at Barton and Cold Springs.  
Barton Springs consists of a recreational pool created by a dam directly downstream of 
the springs located in Zilker Park, downtown Austin.  These springs serve as a local 
iconic cultural center as well as the natural habitat for the endangered Barton Springs 
salamander.  Increased population and recent droughts in 1996 and 2009 have focused 
attention on groundwater resources and sustainability of spring flow.  In response to the 
potential compromise of these vulnerable groundwater resources, several numerical 
groundwater flow models have been developed for the Barton Springs / Edwards Aquifer 
Conservation District (BSEACD) and other governmental entities to aid in aquifer 
management. 
 
The objective of this study was to develop new methods of quantifying recharge 
values from observed datasets to reinterpret spatial and temporal distribution create a 
revised input for the Barton Springs Groundwater Availability Model (BS GAM) 
developed by Scanlon and others (2001).  Research is motivated by the need to 
understand the relative sensitivity in groundwater behavior to changes in recharge that are 
related to spatial shifts due to land use change and karst feature locations as well as the 
influence of temporal patterns as they relate to rainfall variability.  Original 
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interpretations of recharge for the BSEA depended on limited spring flow observations.  
This study refines the recharge calculations by incorporating extensive precipitation and 
land use data sets that are newly available, modifying conceptual models of the aquifer 
system, and integrating estimates of urban recharge.  The model developed by Scanlon 
and others (2001) was employed for this study because it represents a baseline 
interpretation of groundwater behavior, the model is readily accessible, and the model 
can be used to compare the decision relevance of scientific uncertainty because it is 
included within a Groundwater Decision Support System developed by Pierce (2006).  
The modified interpretation of recharge was completed using a workflow that included 
expanded data sets, spatial analysis using a geographic information system (ArcGIS 9.3), 
a scientifically vetted groundwater simulation for BSEA (MODFLOW-96), and 
analytical interpretations of recent research findings in relation to recharge functions.  
Study results include: 
 
 new estimates for natural and artificial recharge values that are based upon more 
extensive data sets and are decoupled from observed discharge,  
 new methods of determining the distributions of these recharge values,  
 an updated version of the BS GAM for the ten-year study period (1999 – 2009), and 
 new insights into the significance of urban-induced recharge for Austin, Texas. 
 
Study Area 
PHYSIOGRAPHY AND CLIMATE 
The Edwards Aquifer is located along the Balcones Fault Zone of Central Texas 
which lies on the eastern margin of the Edwards Plateau.  The BSEA study area is located 
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within and adjacent to Austin, Texas and includes parts of Travis and Hays Counties.  
The BSEA is approximately 400 km
2
 in area with surface elevations ranging from 
approximately 130 to 520 meters AMSL (427 to 1,706 feet AMSL) (Figure 2).  This 
region of Texas is within the subtropical humid climate zone (Larkin and Bomar, 1983) 
with annual precipitation ranging from 279 to 1,651 mm (11 to 65 in) (1860 through 
2000) and averaging 851 mm (33.5 in) (Scanlon et al., 2001). Mean annual potential 
evapotranspiration, temperature and relative humidity for the study area are 1460 mm 
(57.5 inches), 26.1 °C (79.0º F), and 43.6 % respectively (TexasET, 2010). 
 
GEOLOGY 
The Edwards Aquifer is a narrow band (less than 64 km) of thick and regionally 
extensive Lower Cretaceous carbonate rocks along the Balcones Fault Zone.  The aquifer 
spans from a groundwater divide near the Rio Grande River in the southwest to the 
northeast near Salado, Texas, stretching some 400 km (Sharp, 1990).  The Edwards 
Aquifer is divided into the following four components, separated by groundwater divides:  
the northern segment of the Edwards Aquifer, the Barton Springs segment, and the San 
Antonio segment (Figure 3).    During a Lower Cretaceous sea-level rise, the North 
American craton was flooded resulting in the deposition of the sediments which would 
eventually host the Edwards, Trinity Plateau and Trinity Aquifers (Scanlon et al., 2001).  
Deposits of conglomerate, sandstone, shale, and limestone in the lower and middle 
Trinity Group represent two transgressive-regressive cyclic genetic sequences (Moore, 
1996).  Continued transgression and cyclic sedimentation deposited the Glen Rose 
Formation and the overlying Kainer and Person Formations which constitute the Edwards 
Aquifer.  The Glen Rose Formation consists of two thick carbonate-dominated sequences 
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in the upper Trinity Group and is overlain by four sequences that comprise the Edwards 
Aquifer and facies equivalent limestones (Figure 4).  Sea-level continued to increase 
cyclically through part of the Late Cretaceous differing from previous sedimentary 
patterns by depositing alternating bands of shales and limestones / chalks (Scanlon et al., 
2001).  The Del Rio Formation is the first shale unit and forms the aquitard at the top of 
the Edwards Group and is a selenitic, calcareous, pyritic, and fossiliferous clay (Sharp, 
1990).  The major clay minerals of the Del Rio Clay are kaolinite and illite making the 
formation very low in permeability.  Portions of the Del Rio Clay are eroded throughout 
Central Texas including portions of the study area where recharge to BSEA occurs.   The 
Buda Formation and Eagle Ford Formation overlay the Del Rio Formation and are 
dominantly limestone and shale respectively.  Above these units is the Austin Chalk 
which denotes the maximum water depth of sea-level rise.  After the maximum water 
depth was reached, progradation, aggradation, and sea-level fall followed bringing 
deposition of the clastic Taylor and Navarro Formations (Scanlon et al., 2001).  Miocene-
age uplift of the Edwards Plateau along the Balcones Fault Zone constitutes the major 
episode of structural deformation affecting aquifer development.  Uplift was 
accommodated by normal faulting along en echelon faults and graben systems which 
produced a total of 427 meters  (1,400 ft) of displacement down to the coast across the 
BSEA (Scanlon et al., 2001).  Faults associated with this uplift cross-cut the aquifer and 
control the distribution of confined and unconfined conditions (Sharp, 1990).  Fault strike 
is approximately northeast and coincides with the buried Ouachita fold belt trend (Caran 
et al., 1981).   
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HYDROGEOLOGY 
The BSEA is approximately 400 km
2
 with 80% of this area consisting of 
unconfined aquifer conditions but this percentage fluctuates with hydrologic conditions.  
Aquifer thickness ranges from 137 meters along the east side to 0 meters along the west 
side of the recharge zone (Slade et al., 1986).  Barton Springs is the primary discharge 




 (55 cfs).  Cold Springs is the 
second largest discharge point followed by pumping.  Discharge from Cold Springs 
cannot be directly measured since it is beneath Town Lake but discharge is often thought 
to be approximately 3 - 28% of Barton Springs.   The BSEA has several hydrologic 
boundaries which include a no-flow boundary to the west from the Mount Bonnell fault 
(Senger and Kreitler, 1984), a groundwater divide to the south along Onion Creek 
(Guyton and Associates, 1958), the “bad-water” line to the east (Sharp, 1990), and the 
Colorado River to the north.  The groundwater divide in the south isolates the BSEA 
from the San Antonio segment of the Edwards Aquifer which discharges primarily at San 
Marcos and Comal springs (Scanlon et al., 2003).  This divide’s location is not static and 
fluctuates according to hydrologic conditions (LGB-Guyton Associates, 1994).  The bad-
water line represents a generally abrupt transition in water chemistry from the fresh-water 
zone of the Edwards aquifer to the more saline bad-water zone (Sharp, 1990).  This saline 
bad-water zone is characterized by a decrease in the relative transmissivity (Flores, 1990) 
and is described as hydrodynamically controlled rather than separated by a distinct 
hydrologic barrier, although local fault control is noted (Hovorka et al., 1998). 
 
Recharge 
Approximately 85% of long term recharge to the BSEA is derived from six 
ephemeral losing streams originating in a region west of the recharge zone known as the 
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contributing zone (Slade et al., 1986) (Figure 5).  Stream channels carry runoff from 
precipitation events downstream to the recharge zone where water within the stream 
channels recharge the aquifer through various discrete recharge features such as caves, 
sinkholes, swallets, and fractures.  Of the six losing streams, Onion and Barton Creek 
contribute the majority of recharge derived from the losing streams (~53%).  The 
remaining 15% of recharge occurs throughout the recharge zone as precipitation diffusely 
percolates into the subsurface (Slade et al., 1986) but recent studies (Hauwert, 2009) 
suggest that this percentage is greater (~32%).  It is thought that mean surface recharge 




 or 55 cfs) but has been observed 




 (400 cfs) during flood events (Slade et al., 1986).  Studies have 
indicated that recharge is highly variable in space and in time and is focused within 
discrete features (Smith et al., 2001) with Antioch Cave being the largest-capacity 








 (95 cfs) (Fieseler, 1998).  Other sources of recharge include anthropogenic sources 
such as leaky utility lines, stormwater management structures, and stormwater sewers as 
well as irrigation return flows (Garica-Fresca and Sharp, 2005; Garcia-Fresca, 2004).  
Contributions from these sources were quantified for the entire Austin area including 
areas outside of the recharge zone of the BSEA and are estimated to be approximately 85 
mm year
-1
.  Recharge from cross-formational flow occurring through adjacent aquifers is 
unknown but is thought to be relatively small based on water-budget analysis for surface 
recharge and discharge (Slade et al., 1985).  The potential for cross-formational flow 
from the saline zone and the San Antonio segment of the Edwards aquifer increases under 
drought and low water-level conditions (Hunt et al., 2007).  For example, Massei and 
others (2007) attribute up to 20% of the increasing conductance at Barton Springs during 
low flow conditions to flow from the saline zone and Hauwert and others (2004) estimate 
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that the flow path along the saline zone can contribute about 10-20% of flow to Barton 
Springs under these conditions. 
 
Groundwater Flow 
The Edwards Aquifer is a karst aquifer that is inherently heterogeneous and 
anisotropic.  Consequently, groundwater flow and storage are highly dependent upon 
these aquifer characteristics (Slade et al., 1985; Maclay and Small, 1986; Hovorka et al., 
1996 and 1998; Hunt et al., 2005).  Additionally, the aquifer is characterized as a triple 
porosity and permeability system consisting of matrix, fracture, and conduit porosity. 
Permeability values vary with the direction and scale of measurement and range over 
nine orders of magnitude (Halihan et al., 1999).  This suggests that the groundwater 
system can be characterized as having a slow flow system (diffuse matrix flow) and a fast 
flow system (fracture/conduit flow) (Hunt et al., 2005).  Matrix permeability is 
significantly smaller than values for fractures and conduits with regional scale flow paths 
dominated by conduit permeability.  It is thought that the matrix is connected to the 
conduit system via fractures (Hunt et al., 2005) and that the majority of groundwater flow 
occurs in a network of conduits, caves, and smaller dissolution features (Hauwert et al., 
2002).  Groundwater flow paths interpreted from various dye tests indicate that 
groundwater generally flows from west to east across the recharge zone and converges 
with preferential flow paths sub parallel to major faulting and then flows north towards 
Barton Springs (Figure 6) (Hauwert et al., 2002; Hunt et al., 2007). Additionally, these 
conduit dominated flow paths generally coincide with troughs in the potentiometric 
surface.  Rates of groundwater flow along preferential flow paths derived from dye 
tracing range from 2 – 11 km hr
-1
 (1 – 7 mi hr
-1
) depending upon hydrologic conditions 
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(Hauwert et al., 2002).  Dye tracing studies have also identified several groundwater 
basins such as the Cold Springs, Sunset Valley, and Manchaca sub-basins within the 








Figure 2:  Topographic map of the Barton Springs segment of the Edwards Aquifer. 
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Figure 3:  Geologic setting of the Barton Springs segment of the Edwards Aquifer (from 
Scanlon et al., 2001). 
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Figure 5:  Map of hydrogeologic zones and losing streams for the study area.
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Figure 6: Flowpaths from injections sites to Barton and Cold Springs (from Smith et al., 
2005). 
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CHAPTER 2  
URBAN-INDUCED EFFECTS ON GROUNDWATER SYSTEMS 
There have been numerous studies that have been conducted to assess the physical 
and chemical impacts of urbanization on surface water and groundwater for Austin, 
Texas (Garcia-Fresca and Sharp, 2005; Garcia-Fresca, 2004; Wiles and Sharp, 2008; 
Wiles, 2007; Krothe, 2002; Christian et al., 2011).  Results of previous inquiry have 
generated a rich interpretation and understanding of processes that control aquifer 
recharge and motivate this research to assess the significance of urban-induced recharge 
using the combined knowledge and computational tools.  One of the objectives of this 
study is to determine the relevance of several anthropogenic recharge sources for the 
BSEA utilizing a water budget approach and a numerical groundwater flow model 
developed by Scanlon and others (2001). 
 
Introduction 
Urbanization and its associated construction of impervious cover and subsurface 
infrastructures is the major process now affecting the land surface and shallow subsurface 
around the world.  The recognition of humans as an important geologic agent has been 
well documented for a long time (Sherlock, 1922; Legget, 1969).  These effects are 
compounded in areas of dense populations or urban areas.  In 1900, only 10% of the 
world’s population lived in urbanized areas (United Nations, 1991) but current estimates 
place this percentage at over 50% with some projections estimating an increase to 67% 
by 2025 (Ramsey, 2003).  As more populations migrate towards urban centers, the aerial 
extent of urbanization will increase through time and often grows at a faster rate than 
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population growth leading to a phenomenon known as “urban sprawl.”  In the New York 
City metropolitan region, the urban area grew 64% between 1964 and 1989 but the 
population growth was much less (Sharp, 1997).  Similar observations have been made 
for cities like Bangkok, which experienced expansion rates of over 3,200 hectares per 
year (Lowe, 1992), and for the study area, Austin, TX, where the urban area has 
increased 640% since 1964 (Garcia-Fresca, 2004).  It is estimated that in the United 
States, urbanized areas are growing at a rate equivalent to two New York Cities per year 
(Sharp, 1997).  These rapid changes to the land surface and local hydrologic cycles are 
occurring on decadal scales or what can be considered a geologic instant (Sharp et al., 
2001).  Humankind’s alterations to the natural environment from urbanization is found 
throughout the globe and is taking place at a rate faster than any other geomorphic 
process for this scale.  A thorough understanding of the effects of urbanization is critical 
in order to maintain future urban populations and towards effectively and sustainably 




When developing an area during the process of urbanization, major alterations to 
topography are made.  Land surfaces are often leveled for ease of transportation, 
construction, and infrastructure installation with topographic lows and highs being filled 
in and lowered through time.  By altering the topography, hydrology in urban areas can 
drastically change.  A major consequence of this process includes the burial of streams 
which are often covered, filled in, converted into a storm sewer or canal, or forgotten.  




 Increases in urbanized areas leads to increases in the extent of impervious cover. 
Thus, vegetation cover can be dramatically decreased and often completely eliminated.  
These decreases in vegetation cover can effectively decrease the rates of transpiration for 
urban areas but by planting lawns, gardens, parks, recreational sport fields, and other 
irrigated land types, transpiration in cities can actually increase.  This is especially true 
for arid climates and/or when invasive species of plants that can include phreatophytes 
are introduced (Sharp, 2010).  Introducing these invasive plant species and the associated 
irrigation can increase recharge due to irrigation return flows and is especially true for 
wealthy cities within arid climates. 
 
IMPERVIOUS COVER 
Man’s most rapidly expanding effect on the natural environment is urbanization 
and its corresponding construction of roads, buildings, and infrastructures; all of which 
have dramatic effects on groundwater recharge and permeability distributions (Sharp et 
al., 2003).  The general increase in impervious cover associated with urbanization has 
long been understood, including the hydrologic effects this has on the urban water cycle 
(Leopold, 1968).  These effects include increasing runoff and decreasing direct 
infiltration resulting in increased flooding, introduction of non-point source 
contaminants, and a decrease in diffuse recharge from precipitation (Wiles and Sharp, 
2008).   
The secondary permeability of impervious cover and the associated infiltration of 
water through paved surfaces have not been studied extensively and are often ignored.  A 
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recent study for Austin, TX (Wiles and Sharp, 2008) demonstrates that although the low 
permeability of “impervious” cover decreases diffuse recharge, it does not necessarily 
lead to an overall decrease in total recharge.  The authors utilized double-ring 
infiltrometers to quantify the permeability of fractures and joints in paved surfaces within 
the Waller Creek Watershed of Austin, TX.   The equivalent hydraulic conductivity for 
paved surfaces due to these fractures and joints for this study area is 5.9 x 10
-5
 cm/s.  This 
is equivalent to fine-grained sands, sandstones, silts, and loams (Bear, 1972).  Fractures 
and expansion joints concentrate infiltration which decreases the time and volume of 
water necessary for saturation and potentially leads to increased recharge potential (Wiles 
and Sharp, 2008).  Currently, the contributing, recharge, and confined zones of the BSEA 
are 8, 35, and 57% urbanized, respectively (Figure 7).  These regions represent the 
increases in impervious cover (Table 1) for the BS GAM. 
 
Temperature Alterations 
One of the main changes to local temperatures due to urbanization is the well 
documented “heat island effect.”  According to the U.S. Environmental Protection 
Agency (US EPA, 2011), urbanized areas endure drastic changes to the landscape that 
promote heat generation.  Buildings, roads, and other infrastructure will replace open 
land and vegetation essentially changing the land surface from permeable and moist to 
impermeable and dry.  These changes are responsible for urban areas becoming warmer 
than their rural surroundings due to man-made surfaces such as roofs and pavements 
heating up from the sun and becoming hotter than the surrounding air.  The annual mean 
air temperature of a city with 1+ million residents can be 1 – 3 °C warmer that its 
surroundings.  Groundwater temperatures are also affected and often increase in the 
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shallow subsurface (Sharp, 2010).  Examples include Tokyo, Japan (Taniguchi et al., 
1999; 2001) and Minneaspolis/St. Paul, Minnesota, USA (Taylor and Stefan, 2009). 
 
Pumping Effects 
WATER TABLE ELEVATIONS 
Urbanization has been documented to cause water table elevations to fall or rise 
(Sharp, 2010; Simpson, 1994; George, 1992; Whitesides et al., 1983) as imported waters 
are introduced, transitions from local groundwater systems to surface water systems are 
made, reservoir-induced changes in river stages, and the utilization of new technologies 
such as desalinization or aquifer storage and recovery (Sharp, 2010).  Water table 
elevations can rise in urbanized areas when water demands are supplemented by large 
surface water bodies. Additionally, using imported water rather than local groundwater 
resources and can lead to flooding of basements, tunnels, and utility systems as well.  The 
opposite can be observed in urban centers where overdraft has led to falling water table 
elevations and has caused land subsidence, salt water intrusion, and deterioration of 
groundwater dependent ecosystems (Sharp, 2010). 
 
AQUIFER DEPLETION 
Complete resource exhaustion of an aquifer system is typically rare but arid or 
semi-arid regions can be more susceptible due to little recharge input.  Total depletion of 
an aquifer is generally not a threat.   Rather, problems arise when water demands exceed 
the safe or permissive yields of an aquifer.  When these yields are exceeded, 
consequences can include drops in water levels which raise the cost of pumping, and 
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water yields become severely diminished.  Many cities throughout Texas have 
experienced the effects of over allocating groundwater resources.  Artesian aquifers in 
Waco and Dallas have had hydraulic head drops of tens of meters forcing these cities to 
switch to surface water resources.  El Paso is currently seeking additional water supplies 
because the Hueco Bolson Aquifer can no longer meet the projected water demands.  
These challenges are exacerbated during drought conditions (Sharp et al. 2003, Sharp, 
1997).   
 
SUBSIDENCE 
Land subsidence due to excessive exploitation of groundwater and petroleum as 
well as mining is a common human-induced hazard (Holzer and Johnson, 1985; Singh, 
1992; Hu et al., 2004; Xue et al., 2005, and Lixin et al., 2011).  Over pumping of an 
aquifer can lead to subsidence and is typical of coastal cities including Houston, Jakarta, 
Shanghai, Venice, and Calcutta, but is also observed for inland cities like Mexico City 
and Las Vegas (Sharp et al., 2003; Sharp, 1997).  For groundwater dependent areas, land 
subsidence typically cannot be avoided but can be sustainably managed by a combination 
of governmental legislation, monitoring, industrial plans and technological advances 
(Singh 1992; Abidin et al., 2008; Hu et al., 2004; Zhang et al., 2007).  Some effects of 
land subsidence include structural disruption to roads, utilities, and other urban 
infrastructure, changes to topography resulting in flooding, and many other geological, 
hydrogeological, environmental, and/or economic impacts (Holzer and Johnson, 1985; 
Holla and Barclay, 2000; Abidin et al., 2008; Phien-wej et al., 2006; Wang et al., 2009; 




The overexploitation of groundwater resources, especially for coastal aquifers, is 
the most important anthropogenic cause of salt water intrusion.  For coastal cities relying 
upon groundwater resources, salt water intrusion is common due to the proximity of 
saline groundwater and the ease of which upconing of saline groundwater can occur 
(Oude Essink, 2003).  In regions where saline groundwater is present below fresh 
groundwater, falling piezometric head levels due to well extraction may cause the 
interface between fresh and saline groundwater to rise and is known as interface 
upconing.  Cities within arid or semi-arid coastal zones like the Gaza Strip are especially 
vulnerable to upconing which commonly threatens domestic water supplies (Oude 
Essink, 2003).  Salt-water intrusion can occur inland and has been observed in cities like 
Kansas City, Missouri and El Paso, Texas (Sharp et al., 2003).  In Kansas City, overdraft 
of the local carbonate aquifers has induced the downward migration of saline water from 
overlying clastic rocks.  Over-exploitation of groundwater in El Paso has caused the 
intrusion of poor quality brackish river water from the Rio Grande River into the Hueco 
Bolson alluvial aquifer (Sharp et al., 2003). 
 
Water Quality 
A common side effect of urbanization is the introduction of pollution and 
contaminants into shallow aquifers and/or surface waters.  Sources of pollution can 
include runoff from paved surfaces, leaky storage tanks, surface spills, illegal dumping of 
hazardous waste, leaky sewage lines, and lack of sanitation facilities (Sharp et al., 2003).  
Wastewater disposal in developing countries typically consist of pit latrines, cesspits or 
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septic tanks and represent a significant source of poor quality groundwater recharge 
(Mather et al., 1996; Lerner, 2002).  Urban contamination can also be problematic for 
underlying deep aquifer systems when over pumping induces downward hydraulic 
gradients which can potentially introduce pollution into these systems (Sharp et al., 
2003). 
Recharge  
One of the main effects of urbanization can be increases in recharge from 
anthropogenic sources.  Traditionally it has been thought that recharge in urbanized 
regions decreases due to increases in impervious cover and associated runoff (Leopold, 
1968; Coldewey and Meβer, 1997) but numerous studies have shown the opposite 
(Lerner 1986, 1990; Brasington and Rushton, 1987; Rushton et al., 1988; Price and Reed, 
1989; Foster, 1990; Foster et al., 1994, Hutchinson and Woodside, 2002; Garcia-Fresca 
and Sharp, 2005).  The conceptual model for the claim that recharge decreases in urban 
areas is tied to observed increases in stream flows attributed to increased runoff volumes 
but several studies have demonstrated that observed increases in stream flow are not tied 
to decreases in recharge and there is little difference in stream baseflows between 
urbanized and rural watersheds (Asquith and Roussel, 2007; Drouin-Brisebois, 2002; 
Lerner, 1997; Scheuler, 1994).  Unlike the natural environment, urbanized areas typically 
have an additional source of water that can potentially become recharge: imported water.  
Since the majority of cities import water in order to satisfy municipal and industrial 
demands (Lerner, 2002), significant portions of urban induced recharge can originate 
from imported water sources; therefore, additional water is introduced into the local 
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urban hydrologic cycle that would not be present under natural conditions.  This 
additional source of water provides many opportunities for recharge to take place and can 
account for the increased recharge observed in numerous cities around the world (Figure 
8).  The fluxes of imported water are often equal to or greater than precipitation; this is 
especially true of cities within arid climates.  For example, rates for both precipitation 
and imported water for Birmingham, UK average 650 – 750 mm year
-1
 whereas values 
for Lima, Peru average 10 and 1650 mm year
-1
 for precipitation and imported water 
respectively (Lerner, 1990).     
 
According to Wiles and Sharp (2008) and Lerner (1990), there are four major 
types of recharge in the urban environment:  direct, indirect, localized, and artificial 
(Figure 9).  The focus of this study is to quantify the artificial component and more 
specifically contributions from leaky utility lines and irrigation return flows.  Artificial 
recharge includes leakage from water mains, sewers, storm drains, stormwater 
catchments, and other man-made structures as well as contributions from irrigation return 
flows.  Other means of artificial recharge could include soakways, injection wells, drain 
fields, diversion of surface waters into sinkholes, etc (Sharp, 2010).  In cities where no 
sewers are present to transport wastewater, artificial recharge is typically dominated by 
the infiltration of wastewater from septic tanks, latrines, and soakways; thus, the majority 
of imported water eventually recharges the aquifer.  The opposite is observed for cities 
with a wastewater network installed where much of the imported water is re-exported and 
is no longer available as a potential recharge source (Lerner, 2002).  For cities with this 
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infrastructure in place, importance shifts from wastewater to the water distribution 
network in terms of artificial recharge contributions.   
 
As explained in Garcia-Fresca and Sharp (2005), water mains generally leak at 
greater rates than their wastewater counterparts because they are under pressure.  Water 
mains are pressurized in order to keep contaminants out and to transport water to the far 
reaches of the network.  Wastewater networks are typically driven by gravity flow and 
therefore are not pressurized.  Pressure is the main cause of leakage from water 
distribution networks with leakage rates ranging from 10 – 60% of water distributed.  
Efficient cities like Austin, TX report leakage rates on the lower end of this spectrum 
whereas the average rate for developed and less developed countries are typically 
between 20 – 30% and 30 – 60% respectively.  Few publications exist that estimate 
leakage rates from wastewater pipes but estimates average ~5% (Garcia-Fresca, 2004; 
Yang et al., 1999; Lerner, 1997; Grischeck et al., 1996; Foster et al., 1994).   
 
Irrigation return flows from the overwatering of lawns, parks, golf courses, etc. 
are difficult to estimate but their effects are relatively well understood and accepted 
(Sharp, 2010). Irrigation return flows can be estimated through mass balance calculations 
of supply and water use while considering soil and evapotranspiration characteristics 
(Garcia-Fresca and Sharp, 2005; Berg et al., 1996), but this requires extensive data sets 
and is often oversimplified.  According to Oad and DiSpigno (1997), in order to quantify 
these return flows, all components of the system must be quantified.  The first step begins 
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with quantifying the volume or percentage of applied water that is not consumed by the 
turf grass followed by determining the amount or percentage of deep percolation water 
that eventually recharges the groundwater system.  Differences between applied water 
and consumptive use are assumed to be deep percolation water.  The downward 
percolation of this water has been measured in various lysimeter studies (Oad and 
DiSpigno, 1997; Oad et al., 1997; Danielson et al., 1980; Howell et al., 1991) but all of it 
cannot be assumed to recharge since some of this water is consumed by deep root plants 
such as trees, bushes, and other vegetation.  Irrigation return flow can contribute 
significant amounts of artificial recharge and is especially prevalent in arid and semiarid 
regions.  One example would be Riyadh, Saudi Arabia, where excess recharge attributed 
to irrigation return flow caused groundwater flooding in road underpasses (Rushton and 
Alothman, 1994).   
The quantity of artificial recharge in urban areas can constitute a significant 
portion of the total water budget.  Quantifying these recharge contributors is becoming 
increasingly important and a thorough understanding of their effects and spatial 
distributions is needed in order to manage future water resources and maintain future 
urban populations. 
Permeability Field Alterations 
The network of water mains, sewer lines, electrical and telephone lines, storm 
sewers, subways, underground structures, and other subsurface infrastructure associated 
with urbanization can drastically alter permeability fields (Sharp et al., 2003).  For 
example, in order to install utility lines (water, electric, gas, sewage, etc.), municipalities 
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and utility companies will often dig trenches in which to place the pipes or housing 
structures.  The bottom of the trench is generally filled with well-sorted, clean sand or 
gravel to protect the pipes from the rock walls and settlement whereas the top is filled 
with a varying combination of backfill material.  Sharp and others (2003) have 
demonstrated that the permeability within these trenches is commonly orders of 
magnitude greater than the surrounding natural materials.  Additionally, if the pipe walls 
are compromised, permeabilities can be much greater within the pipes themselves than 
the surrounding fill.  It is also recognized that urban soils tend to become less permeable 
with compaction (Pitt et al., 2002) and the difference in permeability inside and outside 
of utility trenches can be even greater (Sharp et al., 2003).   
 
The urban environment is analogous to a karstic system partly due to the double- 
or triple-permeability found in the shallow subsurface.  According to Sharp (2010), this 
highly altered permeability field can lead to the following: 1) altered groundwater flow 
systems, 2) maintenance of stream baseflows and spring flows during times of limited 
rainfall or alternatively, 3) reduced or increased spring flows, if flow is diverted from 
spring orifices, 4) diversion of groundwater to different streams or catchments, 5) 
artificial recharge caused by leakage of water, sewage, and storm waters along the utility 
lines, 6) difficulty in predicting, modeling, and remediating subsurface contamination, 7) 
creation of multiple contaminant plumes that can migrate in different directions than 
might be predicted from standard analyses, and 8) utility trenches and mains/sewers 
serving as “French drains” to limit rising water tables. 
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Figure 7:  Map of urbanized areas (2010) within the Barton Spring segment of the Edwards Aquifer, TX.
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Figure 8:  Estimates of groundwater recharge in cities prior to (circle) and after urbanization (triangle) (from Sharp, 2010; 
Garcia-Fresca and Sharp, 2005 and Foster, 1996).  HY – Hat Yai, Thailand; SP – São Paulo, Brazil; Be – 
Bermuda, UK; Se – Seoul, Korea; BA – Buenos Aires, Argentina; SC – Santa Cruz, Bolivia; LI – Long Island, 
USA; M – Mérida, Mexico; C – Caracas, Venezuela; Bi – Birmingham, UK; Mi – Milan, Italy; P – Perth, 
Australia; D – Dresden, Germany; W – Wolverhampton, UK; E – Évora, Portugal; Ac – Aguascalientes, Mexico; 
LA – Los Angeles, USA; Gy – Gyandja, Azerbaijan; Su – Sumgayit, Azerbaijan; Ba – Baku, Azerbaijan; Gu – 
Gulistan, Uzbekistan; L – Lima, Peru  
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Figure 9: The urban rainfall-recharge relationship (from Wiles and Sharp, 2008; after Lerner, 1997).  Bold arrows denote 
general increases in flux with urbanization; dashed arrows denote general decreases.  In areas of losing streams 
(bold arrows with question marks), indirect recharge can also increase.  Evapotranspiration is indicated by E.  
Recharge can either increase or decrease with urbanization.  Data suggest that it more often increases.  
Impervious cover can increase localized and indirect recharge. 
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Table 1:  Summary table of the area of impervious cover over the BS GAM.  Values were calculated from City of Austin land 
use surveys (City of Austin, 2011) 
Year Impervious Cover (km
2
) Percentage of BS GAM Area 
1990 27 8.2% 
1995 32 9.9% 
2000 42 13.0% 
2003 47 14.3% 
2006 48 14.8% 
2008 49 15.1% 
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CHAPTER 3 
PREVIOUS GROUNDWATER FLOW MODELS 
Several digital groundwater flow models have been created for the San Antonio 
and Barton Springs segments of the Edwards Aquifer (Klemt et al., 1979; Slade et al., 
1985; Thorkildsen and McElhaney, 1992; Barrett and Charbeneau, 1996; Scanlon et al., 
2001; Smith and Hunt, 2004; Lindgren et al., 2004; Lindgren, 2006; Painter et al., 2007) 
partly in order to assess the sustainability and susceptibility to contamination of source 
water provided by public water system wells (Lindgren et al., 2009).  In this thesis, I 
quantify natural and artificial recharge and their spatial distributions for the BSEA.  
Below is a summary of the previous models for the BSEA that emphasizes how each 
study quantified and distributed recharge.   
 
Recharge values for this study were calculated and assigned to the spatial grid 
constructed by Scanlon and others (2001), this simulation model was the first state 
approved Groundwater Availability Model (GAM) for the BSEA and represents a 
baseline model for comparison.  The BS GAM is a part of the Texas Water Development 
Board’s (TWDB) Groundwater Availability Modeling program (TWDB, 2011) and has 
undergone two updates since its implementation (Smith and Hunt, 2004; Painter et al., 
2007).  Although the original version of this model (Scanlon et al., 2001) was utilized for 
this study, recharge values that were determined can be implemented with the two 
updated versions as part of future work.  However, it is important to note that the model 
created by Painter and others (2007) distributes recharge values differently from this 
study. If recharge values from this study were to be utilized for that model, recharge 
distributions and methods would need to be recalculated and applied to the model 
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parameters for the 2007 model.  An earlier example of refining the recharge file with 
spatial and urban considerations was completed using the alpha version of the 
Groundwater Decision Support System (Pierce, 2006; Pierce et al., 2006; Sharp et al., 
2008; Cain et al., 2008) and this approach reflects the systems perspective for testing 
uncertainty in scientific interpretations reflected in those results. 
 
Three of the four numerical groundwater flow models described below are finite-
difference groundwater flow models with the mathematical objective of solving 
groundwater flow in three dimensions.  When assuming that fluid density is constant, the 
three-dimensional movement of groundwater flow through a heterogeneous and 
anisotropic aquifer can be described by the following partial-differential equation (see 
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Kxx, Kyy, and Kzz:  values of hydraulic conductivity along the x, y, and z 
coordinate axes, which are assumed to be parallel to the major axes of 




h:  potentiometric head [L] 
 













A groundwater flow system can be mathematically represented by combining Equation 
(1) with specification of flow and/or head conditions at the boundaries of an aquifer 
system as well as specification of initial-head conditions (McDonald and Harbaugh, 
1988).  When solving this relationship, a time-varying head distribution can be derived 
that measures both the energy of flow and the volume of water in storage.  This can be 
used to calculate directions and rates of movement (McDonald and Harbaugh, 1988).  
 
In general, analytical solutions of Equation (1) are rarely possible except for very 
simple systems.  Numerical methods are often employed to obtain approximate solutions 
with the finite-difference method being one of them.  This method replaces the 
continuous system described in Equation (1) by a finite set of discrete points in space and 
time (McDonald and Harbaugh, 1988).  The partial derivatives are replaced by terms 
calculated from the differences in head values at these points.  This process leads to 
systems of simultaneous linear algebraic difference equations whose solutions yield 
values of head at specific points and times.  Therefore, the time-varying head distribution 
that would be given by an analytical solution of the partial-differential equation of flow is 
approximated (McDonald and Harbaugh, 1988). 
 
The focus of this thesis is to quantify and distribute (spatially and temporally) 
values of recharge that will be implemented to solve these linear algebraic difference 




 Original Finite-Difference Groundwater Flow Model for the BSEA 
One of the first digital groundwater flow models for the BSEA was developed by 
Slade and others (1985).  Urban development within this region prompted concerns 
regarding the quantity and quality of water in the aquifer. The USGS was tasked with 
developing a numerical groundwater model in order to more effectively manage this 
resource.  The two-dimensional finite-difference groundwater flow model described by 
Trescott and others (1976) was utilized within Slade and others (1985) to estimate the 
transmissivity, hydraulic conductivity, and specific yield of the aquifer.  The procedure 
for applying the finite-difference approach to groundwater flow is as follows:  
1. A finite-difference grid is superimposed upon a map showing the extent of 
the aquifer, thus for computational purposes the continuous aquifer is 
simulated by a set of discrete blocks (cells). 
2. Pertinent hydraulic and hydrologic characteristics of the aquifer are coded 
for appropriate cells within the grid. 
3. The governing partial-differential equation is written in finite-difference 
form for each of the discrete cells. 
4. The resulting set of linear finite-difference equations are solved 
numerically for hydraulic head at the center of each cell (or node) by a 
digital computer. 
 
Recharge to the aquifer was determined through methods described by Garza 
(1962) where recharge consists of infiltration of stream flow and direct infiltration of 
runoff in the inter-stream areas.  A water-balance approach was utilized for each 
watershed of the six major losing streams where recharge within the watershed is the 
 35 
difference between gauged stream flow upstream and downstream from the recharge 
zone plus estimated runoff in the intervening area.  Based on monthly volumes of 
recharge for each watershed for July 1979 to December 1982, approximately 85% of total 
recharge in the watersheds occurs along the main channels of the six creeks with the 
remaining 15% attributed to diffuse infiltration throughout the recharge zone.  Flow-loss 
studies were also conducted as a means of defining the distribution of recharge within 
reaches of each creek and to determine the maximum recharge capacity of the main 
channels for each creek (Slade et al., 1985).  
 
Conclusions of this study were: 
1. The hydraulic characteristics determined from an individual well are not 
necessarily representative of the aquifer on a local basis. 
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3. The simulated hydraulic heads are more sensitive to changes in 
transmissivity in the western and southern portions of the aquifer than in 
the area near Barton Springs. 
4. The average specific yield derived from the model is 0.014 and varied 
from 0.008 to 0.06. 
5. Using projected pumping rates, a simulation for the year 2000 indicates 
that the aquifer will be dewatered in the southwest part of the aquifer and 
have large declines in the south east.   
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According to Scanlon and others (2001), “The model developed by Slade and 
others (1985) is not appropriate for regional water planning because the model was 
developed with a code that is no longer in use (Trescott et al., 1976), the grid cell size is 
large (minimum 2,250,000 ft
2
 or 209,031 m
2
), the aquifer thickness is not explicitly 
represented in the model, and the transient simulation period was short (5 months).”  
Additionally, the aquifer was not dewatered by the year 2000 as predicted. Thus, agreeing 
with the notion put forth by many (Konikow, 1986; Stewart and Langevin, 1999) that 
groundwater models typically are poor at forecasting groundwater flow. 
 
Original Lumped Parameter Model for the BSEA 
The next significant model for the BSEA was conducted by Barrett and 
Charbeneau (1996).  Once again, one of the objectives of this study was to predict the 
impacts of urban development on the quantity and quality of water in the BSEA.  The 
authors developed a new type of lumped parameter model in which the aquifer was 
divided into five cells corresponding to the five major watersheds contributing recharge 
to the aquifer (Figure 10).  In this model, aquifer properties within cells were allowed to 
vary vertically.  Each cell was treated as a tank with a single well utilized to characterize 
the conditions in that cell. 
 
Model recharge was determined from flow-loss studies and did not differ greatly 
from the methods utilized in Slade and others (1985) except for Barton Creek.  Recharge 
from all of the creeks except for Barton Creek exhibit a similar behavior:  recharge is 
assumed to increase linearly with discharge until a recharge threshold is met.  After 
discharge exceeds the recharge threshold, recharge remains constant at the recharge 
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threshold until discharge drops below it again.  The rate of recharge for Barton Creek was 
determined by comparing discharge rates at two stream gauge stations.  One of the 
stations was located above the recharge zone and another was located about half way 
across the recharge zone.  At the downstream gaging station, the bed of the creek is 
always above the aquifer level. Therefore, recharge above this station was assumed to be 
unaffected by aquifer level and recharge below this station was assumed to be negligible.  
Recharge between the two stations was determined by subtracting the downstream 
discharge from that upstream.  This relationship between discharge and recharge is 




 but at higher flow rates recharge 
increases dramatically.  The relationship between discharge and recharge for these high 
flow rates is described by a quadratic equation.   
 
Diffuse recharge was estimated utilizing the Groundwater Loadings Effects of 
Agricultural Management Systems model developed by the US Department of 
Agriculture (Knisel, 1993).  Inputs for this model included historical rainfall data from 
1979 – 1993 as well as descriptions of soil and vegetation types for the recharge zone.  
Average infiltration was estimated to be about 50 mm year
-1
 or 6% of average annual 
precipitation.  The conclusions of this study were: 
1. The lumped parameter model is capable of predicting regional water levels 
and discharge comparable to those of traditional groundwater models with 
fewer data requirements and calibration parameters. 
2. The model was able to reproduce measured average nitrogen 
concentrations in the Edwards Aquifer and at Barton Springs. 
3. Results indicate that increased development will reduce spring flow and 
increase nitrogen concentrations in the aquifer. 
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According to Scanlon and others (2001), “The resolution of the model (cells 
equivalent to river basins) is too coarse to evaluate the impact of more local pumpage on 
spring discharge, therefore, the lumped parameter model is inadequate for regional water 
planning.” 
 
Barton Springs Groundwater Availability Model 
As a part of TWDB’s Groundwater Availability Modeling (GAM) program 
(TWDB, 2011), a MODFLOW-96 groundwater flow model was developed for the BSEA 
by Scanlon and others (2001).  The purpose of the Barton Springs Groundwater 
Availability Model (BS GAM) was to provide a groundwater management tool to the 
Barton Springs/Edwards Aquifer Conservation District (BSEACD) and the Regional 
Water Planning Group with.  This model was aimed at evaluating groundwater 
availability and predicting the response of water levels and spring flows to increases in 
pumpage and droughts during the period 2001 – 2050.  Implications of this study are not 
only important for Austin residents but also important for the federally-listed endangered 
species, the Barton Springs salamander (Eurycea sosorum) that relies upon Barton 
Springs as its natural habitat.   
 
MODFLOW-96 is a modular finite-difference groundwater flow code developed 
by the U.S. Geological Survey (Harbaugh and McDonald, 1996).  The model is an 
equivalent porous media model constructed as one layer of 120 rows and columns with a 
total of 14,400 cells.  Each cell is 1,000 feet (304.8 m) long and 500 feet (152.4 m) wide 
and is aligned parallel to the strike of the Edward’s Aquifer (Figure 11).  Not all of the 
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cells within the model are “active” and were determined based upon the hydrogeological 
boundaries of the aquifer:  1) the northern boundary is the Colorado River, 2) the 
southern boundary is a groundwater divide located along Onion Creek as determined by 
Stein (1995), 3) the eastern boundary is the bad-water line as described by Sharp (1990), 
and 4) the western boundary is the no-flow boundary established by the Mount Bonnell 
fault (Senger and Kreitler, 1984). Cells within these boundaries are considered “active” 
resulting in 7, 043 cells.  The four model parameters include elevations of the top and 
bottom of the layer, horizontal hydraulic conductivity, specific yield, and specific 
storage.  Several major faults, based upon Small and others (1996), were incorporated 
into the model and act as horizontal no flow boundaries.  Recharge for this model was 
modified from the methods described in Slade and others (1985) and Barrett and 
Charbeneau (1996).  Recharge from losing streams was determined from gauging stations 
and recharge thresholds whereas diffuse recharge from precipitation was set equal to 15% 
of the total stream recharge.  Recharge from the losing streams was uniformly distributed 
where the streams intersect the recharge zone and diffuse recharge values were equally 
distributed to all active cells.  Pumping was assigned to cells based on values and 
locations reported by the BSEACD.  Unreported domestic pumpage was estimated by the 
BSEACD and assigned to all active cells. 
 
Two model scenarios, steady-state and transient, were utilized to calibrate the 
model.  Measured water levels in July and August of 1999 were employed to evaluate the 
steady-state model calibration.  Recharge values and distributions for this model scenario 
were based upon the average recharge from 1979 – 1998.  It is important to note that the 
total amount of recharge for this time period was reduced to equal the average spring 


















).  The authors state, “Recharge was assumed to be known and 
was not changed during calibration.”  The distribution of hydraulic conductivities was 
estimated from the steady-state scenario by employing trial and error as well as 
automated inverse approaches which resulted in 10 zones of hydraulic conductivity that 
range from 1 to 1,000 ft day
-1
 (0.348 to 304.8 m day
-1
 or 4.3 x 10
-6





(Figure 12).  Simulated heads and the calibrated distribution of horizontal hydraulic 
conductivities from the steady-state model scenario were used as inputs for the 10-year 
transient scenario (1989 – 1999).  This time period was broken up into monthly stress 
periods with 12 time steps in each stress period or 120 stress periods.  Each monthly 
stress period represents a time interval within MODFLOW-96 where all inflow, outflow, 
properties, and boundary conditions are constant.  Values for specific yield (0.005) and 




 or 1.5 x 10
-5
 m) from Slade and others (1985) were utilized 
as initial estimates. 
 
Sensitivity analyses of each scenario demonstrate that the model is most sensitive 
to changes in recharge and hydraulic conductivity distributions.  The steady-state 
scenario was able to simulate water levels with a RMS error of 24 feet (7.3 m) The 









).  Predictions of the model include small (<35 ft or 10.7 m) 
water level declines under average conditions and projected pumping. However, there 
would be much greater declines (<270 ft or 82.3 m) in response to projected pumping 
during drought-of-record conditions.  Declines in discharge from Barton and Cold 
Springs are predicted to be small and proportional due to increased pumpage during 




As described by Lindgren and others (2009), there are various limitations to this 
model that need to be addressed in order to model this aquifer system more confidently.  
These limitations include the quality of input data (i.e. properties and data are based on 
sparse or clustered information for hydraulic conductivity, storativity, and water level 
data), the appropriate scale of application (i.e., models should only be utilized for 
regional scales, thus are inappropriate for site-specific issues), assumptions associated for 
conceptual and numerical models (i.e., discretization of the model gird,  temporal 
discretization for transient simulation – monthly stress periods, and uncertainties 
regarding the hydrogeological boundaries of the model).  One of the main data 
uncertainties of this model are the spatial and temporal distribution of recharge and 
withdrawals from wells.   
 
All recharge inputs are in some way tied to discharge observations from Barton 
Springs and well withdrawals.  For example, recharge values for precipitation are not 
based on actual precipitation data; rather they are calculated as a percentage of total 
stream recharge based on water budget analyses conducted by Slade and others (1985) 
who estimated that 85% of all recharge comes from losing streams and the remaining 
15% from diffuse recharge.  Additionally, total recharge calculations were lowered to 
match discharge at Barton Springs and well withdrawals for the steady-state scenario.   
All of this creates a circular logic situation where properties such as calibrated hydraulic 
conductivities, specific yields, and specific storages are based on the previous stated 
assumption by Scanlon and others (2001):  “Recharge was assumed to be known and was 
not changed during calibration.”  This is not the case and is particularly problematic 
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when sensitivity analyses for both scenarios indicate that the model is most sensitive to 
changes in recharge. 
 
Recalibrated Barton Springs Groundwater Availability Model 
The BS GAM was recalibrated by the BSEACD for conditions observed during 
the drought-of-record in the 1950’s (Smith and Hunt, 2004).  The main objective of the 
original BS GAM was to predict future groundwater availability in response to projected 
pumping and various climatic conditions, but mostly for during drought conditions.  The 
previous BS GAM was calibrated to a time period wetter than that of the 1950’s drought 
and therefore overestimates spring flow and under predicts water level elevations 
compared with measurements taken during the 1950’s drought of record.  The BSEACD 
was especially concerned that during severe drought conditions combined with high rates 
of future pumping, Barton Springs and some water-supply wells would undergo water-
quality degradation because of migration of water from the bad-water zone. Incremental 
changes were made through trial and error to specific yield, specific storage, and 
hydraulic conductivity values to recalibrate the transient portion of the previous BS 
GAM.  The conclusions of this report were (Smith and Hunt, 2004): 
 
1. The recalibrated BS GAM provides a better match between simulated and 
measured spring-flow and water-level values under 1950’s drought 
conditions than does the previous BS GAM 





) of groundwater pumped from the aquifer under 1950’s drought 
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) under 1950’s drought conditions.  According to a minimum daily 








) measured in 1956, spring flow 









) of pumping, spring flow will cease for at least 4 months. 
4. Simulations of 1950’s drought conditions with 2004 and future rates of 
pumping indicate that significantly lower water levels will occur in most 
parts of the aquifer, resulting in an increased potential for flow from 
sources with poor water quality, such as the saline-water zone. 
 
Original Dual Conductivity Model for the BSEA 
The BS GAM was updated again by Painter and others (2007) to represent 
conduit flow within the karst aquifer system utilizing MODFLOW-DCM Version 2.0.  
The final technical report on this update can be found in Winterle and others (2009).    
The underlying conceptual and geologic frameworks of the original BS GAM are 
unchanged within this update.  Three major additions to the model were: 
 
1. Implementation of the MODFLOW-DCM (dual conductivity model) 
through addition of a separate interacting model domain that represents a 
network of high-permeability conduits nested within the main aquifer 
layer (Figure 13). 
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2. Extension of the active model area to the south and west. 
3. Initial development of an approach for deriving recharge input to the 
model based on monthly average precipitation data. 
 
These updates necessitated recalibration of the steady-state and transient model scenarios.  
The steady-state scenario was for the same time period and assumptions previously 
discussed in Scanlon and others (2001).  The transient scenario was recalibrated to match 
“qualitatively” spring discharge measurements for Barton Springs and water table 
elevation responses in three wells for the 10-year period from January 1989 to December 
1998.  This was achieved through recalibrating the hydraulic conductivity values for 9 
diffusive zones and 13 conduits by trial-and-error until head levels within the steady-state 
scenario matched measured levels of 74 observation points during July and August of 
1999 (Winterle et al., 2009).  Calibration of the transient model consisted of altering the 
values for specific storage and specific yield as well as adjusting the precipitation-to-
recharge function until a best fit to observed discharge at Barton Springs and water table 
elevations for the three observation wells were met (Winterle et al., 2009).   
 
The algorithm from Painter and others (2007) for calculating recharge from 
precipitation assumed that an initial threshold of monthly precipitation must be exceeded 
before any recharge can occur.  After this threshold is met, recharge will occur in either 
linear or exponential proportion to the amount of precipitation until a precipitation limit 
is met and any additional precipitation will leave the area as runoff and the recharge rate 
will remain constant.  Precipitation data were provided by the City of Austin as average 
monthly values for the contributing and recharge zones and did not consider the values on 
a watershed basis.  Volumetric distribution of recharge was based on the same 
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assumptions in Scanlon and others (2001) where 85% of recharge occurs within six 
losing streams and the remaining 15% is from diffuse recharge.   Spatial distribution of 
recharge within this model varies from that found in Scanlon and others (2001) by 
incorporating zones of focused recharge meant to represent highly permeable faults or 
fracture zones (Figure 14).  Instead of uniformly distributing recharge from losing 
streams throughout each stream reach, clusters of cells along each individual stream 






Figure 10:  Schematic diagram of the aquifer model developed by Barrett and Charbeneau (1997). 
 47 
 
Figure 11: Location of the study area, including cells for the lumped parameter model, 
stream gauging stations, and long-term monitoring wells (from Scanlon et 
al., 2003).  Recharge, unconfined, and confined zones are also shown.  The 
unconfined zone is overlain by the Del Rio Formation, which precludes 
recharge from the surface in this zone. 
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Figure 12: Hydraulic conductivity (m/d) resulting from calibration of the steady state 
model (from Scanlon and others, 2003).  The faults shown on this map were 





Figure 13: Conduit designations (left) and locations within the model domain (right) (from Winterle et al., 2009).  Rows and 
columns designate model cells with dimensions 500 feet wide by 100 feet long.  Cells in grey shaded area are 
treated as inactive. 
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Figure 14: Focused recharge locations (from Winterle et al., 2009).  Percentages indicate approximate fraction of focused 
recharge (85% of total recharge) apportioned to each recharge feature.  For features with more than one recharge 
cell location, the amount of recharge to the feature is evenly divided among the cells.  Diffuse recharge is 







The objective of the methods described in this section is to quantify volumes of 
various recharge sources from January, 1999, to December, 2009 to modify input for the 
BS GAM (Scanlon et al., 2001).  The BS GAM consists of 7, 038 cells (Figure 15) that 
correspond to zones within a MODFLOW-96 numerical groundwater flow model.  
Recharge volumes are quantified on a monthly temporal scale and distributed spatially 
throughout the BS GAM on a cell by cell basis utilizing ArcGIS 9.3. 
 
DIFFUSE RECHARGE 
Diffuse recharge is the precipitation that directly infiltrates into the subsurface 
and recharges the underlying groundwater system.  Majority of this recharge occurs on 
pervious surfaces where urbanization has not lowered the overall surficial hydraulic 
conductivity.  However, the secondary permeability of paved surfaces allows for 
contributions to diffuse recharge from impervious areas (Wiles and Sharp, 2008; Wiles, 
2007) and should be considered when quantifying the diffuse recharge for an urbanized 
area (Lerner, 2002).  In addition, some such surfaces are now being designed with a 
significant primary porosity and permeability. See Klenzendorf and other (in press) for a 
review.  Diffuse recharge was previously quantified for the BS GAM by assuming it was 
equal to 15% of the total recharge from five losing streams intersecting the recharge zone 
and was distributed equally to all active cells within the model (Scanlon et al., 2001). 
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Calculating Diffuse Recharge 
  Diffuse recharge was quantified utilizing multiple land use and precipitation 
shapefiles within ArcGIS.  It is understood that land use has a strong influence on the 
amount of diffuse recharge that can occur so that the influence of impervious and 
pervious cover need to be considered for the recharge component of the BS GAM.  For 
this study, diffuse recharge is quantified by: 
 
 
                   (2) 
 
where,   
 





P:  precipitation height for a given BS GAM cell for a given month and 
year [L] 
 





IF:  infiltration factor based on land use type [unit-less] 
 
 
P and ALU values were determined from methods discussed below. IF values were 
previously determined by Wiles (2007) and Hauwert (2009) who estimated diffuse 
recharge for the Austin area for impervious and pervious land use types.  For impervious 
cover, Wiles (2007) estimated that 21% of annual rainfall that falls on paved surfaces 
results in diffuse recharge in the Waller Creek watershed of Austin, TX.  In regards to 
pervious cover, Hauwert (2009) calculated that 32% of annual rainfall that fell on the 
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Flintridge and Headquarters Flat catchments over the Edwards Aquifer recharge zone on 
pervious land became diffuse recharge. These are closed basins within the highlands 
portion of the recharge zone. This infiltration factor may not directly apply to the 
majority of the BS GAM, but is the only directly-measured estimate available. 
 
Land Use Files 
ArcGIS Processing 
Land use shapefiles for 1990, 1995, 2000, 2003, 2006, and 2008 were obtained 
from the City of Austin (COA) online GIS database (City of Austin, 2010).  Each 
shapefile, which covers the Austin area, consists of polygons that outline areas of 
different land use.  Each polygon has an associated land use code.   COA shapefiles are 
available in the desired spatial reference (NAD 1983 State Plane Texas Central FIPS 
4203 Feet).  Consequently, they were not re-projected like some other data sets discussed 
below.  The first step was to isolate the portions of the land use surveys that are within 
the BS GAM.  This was achieved with the ArcGIS Clip tool, using the BS GAM 
shapefile as the clipping region to produce smaller land use survey shapefiles having 
areas that precisely correspond to the BS GAM.  The remaining steps below describe 
how land use types were transferred from the surveys to each MODFLOW cell, and how 
areas for each land use type within each cell were calculated. 
 
Transfer of land use types to MODFLOW cells was done with the Identity tool, 
which, for each survey, created a new land use survey shapefile that contained land use 
polygons that now conformed to BS GAM cell boundaries; this in essence, dissected land 
use polygons so that they could no longer span BS GAM cell boundaries.  In the process, 
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each new land use polygon was given an identification code (known as a HydroID) that 
corresponded to the BS GAM cell in which it resided.   
 
Some BS GAM cells contained multiple polygons with the same land use code 
after the Identity tool was utilized.  In order to combine these like polygons and quantify 
their total areas for each BS GAM cell, the Dissolve tool was employed.  This function 
essentially aggregates polygons of similar land use codes and HydroID’s into one 
polygon attribute table record, for which a single area can be calculated.  By “dissolving” 
polygons with the same HydroID and land use code, the total area of each land use code 
for each BS GAM cell could eventually be computed. 
 
After the “dissolve” was performed, total areas for each land use code in each BS 
GAM cell was determined by first creating a Total_Area, field in the land use survey 
attribute tables and then using the Calculate Geometry function.  After creating a new 
field to store the value (i.e. Impervious_Area), the area of impervious cover in each BS 
GAM cell was then determined with the Field Calculator using Equation 2: 
 
 
               (3) 
where, 
 




ICP:  impervious cover percentage (based on land use code) [unit-less] 
(Table 2) 
 






Similarly, total pervious area was calculated using the Field Calculator and stored in a 
Pervious_Area field: 
        –     (4) 
 
 





At this point, each BS GAM cell, identified by a HydroID, contained several land 
use polygons, each with a calculated total area (TA), impervious area (IA) and pervious 
area (PA).  In order to arrive at a total IA and PA for each cell, the Dissolve tool was used 
again, “dissolving” on the HydroID attribute while summing up the Impervious_Area and 
Pervious_Area fields.  The total pervious area for each BS GAM cell for each year is 
used in later calculations and is labeled as TPAGC. 
 
ArcGIS Processing of Incomplete Surveys 
The original shapefiles for the 1995, 2000, and 2008 land use surveys do not 
completely cover the BS GAM.  In other words, there are areas within these surveys with 
missing data. Consequently, there are cells within the BS GAM that are completely or 
partially missing land use data for these years (Figure 16).  To only select BS GAM cells 
that were not missing any land use data after the ArcGIS processing, a Select by 
Attributes function was used with the statement:  Total_Area > 490,000 ft
2
.  This selects 
only BS GAM cells with total land use areas greater than 490,000 ft
2





are cells that had been completely surveyed.  After these cells had been selected, they 




Once the ArcGIS processing for each land use survey was completed, each final 
shapefile was tied to the original BS GAM shapefile based on the HydroID attribute by 
employing the Join function.  By performing this action, a master attribute table was 
created that included the impervious and pervious area of each BS GAM cell for each 
survey year.  This was then exported as a dbase file and opened in Excel.  This step 
ensured that all of the HydroID rows of each survey were lined up and prevented having 
to manually line them up in Excel.  This was a necessary step since some of the land use 
surveys did not completely cover the BS GAM and consequently did not include all of 
the BS GAM cells. 
 
In order to accommodate for years that were missing land use data, impervious 
and pervious areas computed from surveyed years were applied to those which were not.  
For example, for years 2000, 2001 and 2002, impervious and pervious areas determined 
from the land use survey of 2000 were assigned.  As mentioned, some survey years did 
not completely cover the BS GAM and therefore were missing some BS GAM cells.  For 
these cells, impervious and pervious areas from the most recent previous year were 
utilized.  For example, for the land use survey of 2000, all missing BS GAM cells were 
assigned impervious and pervious areas determined from the land use survey of 1995.  
Values from 1990 would be used if 1995 was missing the same cells as 2000.  Once this 
EXCEL processing was complete, each BS GAM cell had impervious and pervious areas 
assigned for each year from 1990 – 2010. 
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Precipitation Files  
NEXRAD data sets were employed to more accurately distribute precipitation 
over the BS GAM both spatially and temporally.  These data sets were obtained from the 
National Oceanographic and Atmospheric Administration (NOAAb, 2010; Shelton, 
personal communication).  These data are point files for each month from 1995 to 2010 
of NEXRAD gridded precipitation (4×4 km resolution) of the contiguous United States.  
These data sets were created using the HRAP projection system; therefore, they needed to 
be re-projected into the State Plane projection system discussed above.  This was done by 
utilizing the Project tool and was performed on each shapefile for each month from 
January, 1999 to December, 2009.  The objective for using NEXRAD shapefiles was to 
create raster surfaces of precipitation amounts over the BS GAM through interpolation 
techniques (Figure 17).  These raster surfaces are based upon the point data within the 
NEXRAD shapefiles that represent precipitation amounts.  In order to enhance the 
accuracy of the interpolation technique, point data over the BS GAM as well as all points 
within a ten kilometer buffer around the BS GAM were utilized.  This was done to create 
a raster surface that is not limited by the BS GAM boundaries and considers the influence 
of precipitation outside of the BS GAM.  In order to only use this portion of the 
NEXRAD shapefiles, they were selected by employing the Clip tool.  The area of interest 
that the shapefiles were clipped upon was created by the Buffer tool. 
 
The result of this processing was NEXRAD shapefiles that only include points 
within the BS GAM and within a 10 kilometer buffer of the BS GAM.  Once these 
shapefiles had been created, Kriging was used to generate raster surfaces, which provided 
the average rainfall for each BS GAM cell for each month from January, 1999, to 
December, 2009.  These values were obtained by utilizing the Zonal Statistics as Table 
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tool.    The tables created from the zonal statistics analysis were exported as dbase files 
and then organized within Excel.  
 
INDIRECT RECHARGE 
Indirect recharge is the total water that recharges an aquifer from leaky utility 
lines, septic tanks, storm sewers, and storm water ponds.  This study only considers the 
leakage from water distribution and wastewater lines.  It has been demonstrated by 
Garcia-Fresca and Sharp (2005) that leakage from utility lines provides potential recharge 
to the BSEA, but quantification and distribution of indirect recharge through time 
remains.  Garcia-Fresca (2004) determined leakage fluxes from the entire utility network 
for Austin during the year 2000 to demonstrate how this recharge source could be 
quantified.  Calculating recharge from these leaky utility lines as well as determining its 
distribution in this research are based on the conceptual model of Garcia-Fresca (2004), 
but differ by quantifying BS GAM recharge and its distribution based on ArcGIS 
processes.   
 
Calculating Leakage from Utility Lines 
A simple and effective way to quantify leakage from water distribution networks 
is to assume a certain percentage of the water supplied is leakage (Lerner et al., 1990; 
Garcia-Fresca, 2004).  The same concept can be applied to wastewater networks, but 
these leakage rates are typically assumed to be lower because these systems are not 
generally pressurized.  From this conceptual model, leakage volumes from each system 




WL=W × LW  (5) 
 
    
  
  -     




WL: volume of leakage from the entire water distribution network for a 








LW:  average percentage of water lost from distribution network [unit-less] 
 
WWL:  volume of leakage from the entire wastewater network for a given 












Values for W and WW were provided by Austin Water Utility (AWU), which has 
been responsible for calculating water loss from their distribution network, since October 
2004, in compliance with Texas Water Development Board’s (TWDB) water audit 
program. An average LW value of 8.35% was utilized for this research and was 
determined from these reports and Garcia-Fresca (2004) (Table 3).  AWU is not required 
to produce similar reports for the wastewater network.  Consequently, a LWW of 5% is 
used.  This LWW value was determined from personal communication between the author 
and authorities at AWU and is consistent with other reported leakage rates from other 
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wastewater networks, but is probably conservative (Garcia-Fresca and Sharp, 2005; 
Garcia-Fresca, 2004; Trow and Farley, 2004). 
 
ArcGIS Processing 
In order to quantify the proportion of the total indirect recharge within BS GAM 
boundaries as well as how it should be distributed for the model, various ArcGIS 
processes were employed.  Indirect recharge from the utility networks is likely from point 
sources, but locating these points spatially and temporally is difficult.  Although AWU 
does keep reports on where, when, and how much water is leaked for major bursts, it is 
not practical to process this data.  Moreover, these data sets only include major bursts or 
leaks and do not include smaller leaks that are either not immediately detected or never 
found.  This study assumes that the indirect recharge volumes from both the distribution 
and wastewater networks are distributed equally amongst their respective pipe networks.  
Indirect recharge volumes could then be calculated for different regions and times based 
on the total length of pipe throughout the Austin area for a given time interval. By 
knowing the total length of each pipe network within each BS GAM cell through time, 
total indirect recharge volumes on a cell by cell basis could be determined. 
 
Water distribution and wastewater line shapefiles were obtained from the COA.  
These two files contained the fields Date_Added and Installed, indicating the date that 
each pipe segment was digitized and the date each pipe segment was physically installed, 
respectively.  The Installed field was missing dates for almost all of the pipe segments, 
thus dates from the Date_Added field were assumed to be the date in which they were 
physically installed.  The first step was to determine the total pipe length for each 
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network for each year.  This was done by selecting all the pipes that existed by a given 
year within the attribute table and then using the Statistics tool for the field containing 
pipe length.  This tool reports common statistical information including minimum, 
maximum, sum, mean, and standard deviation.  Once the total pipe length for each 




     
  
      
  (7) 
 
      
   





PLRW:  pipe leakage rate for the water distribution network for a given 




TPLW:  total pipe length for the entire distribution network for a given year 
[L] 
 










After calculating PLRW and PLRWW values, the length of each pipe network for 
each BS GAM cell for each year from 1999 to 2009 needed to be determined.  This was 
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achieved by clipping the original pipe shapefiles to the BS GAM area by the process 
described previously.  From these clipped files, all pipe segments in existence each year 
were selected and exported as individual shapefiles.  For example, the 1999 water 
distribution shapefile includes all pipes for the distribution network that were installed by 
1999 (those with Data_Added years 1997, 1998, and 1999).  The Identity and Dissolve 
tools were then utilized, as previously described, in order to associate each pipe segment 
with a HydroID and then aggregate all common segments.  Once this processing was 
complete, pipe lengths for each BS GAM cell for each had been determined (Figure 18).  
These new shapefiles were joined to the original BS GAM file by HydroID and exported 
to Excel as discussed previously. Finally, indirect recharge for each BS GAM cell was 
calculated by: 
 
                   (9) 
                       (10) 









CPLW:  water distribution pipe length for a BS GAM cell for a given year 
[L] 
 





CPLWW:  wastewater pipe length for a given year [L] 
 






Artificial recharge is the water applied to the subsurface from irrigation return 
flow (IRF) and/or structures built to enhance recharge.  IRF is the only source of artificial 
recharge considered for this study. 
 
Calculating Irrigation Return Flow 
IRF is the water directly applied to parks and lawns not lost to evapotranspiration 
(ET), runoff, or interflow that recharges groundwater.  The methods for quantifying IRF 
were modified from those established in Garcia-Fresca (2004).  Two major components 
of the urban water budget are the volume of potable water distributed and the amount of 
wastewater treated.  The difference between the two is considered to be the total urban 
water available for recharge or excess urban water: 
 
EUW = W – WW   (12) 
 
Where, EUW is urban water [L
3
].  As mentioned above, monthly values for W and WW 
were provided by AWU.  The two major pathways that explain the difference between 
the volumes of water served and treated are leakage from utility lines and irrigation.   
Water is lost from the utility line network when either pipe system leaks.  The methods 
for quantifying these monthly leakage volumes were discussed previously (Equations 5 & 
6).  Water is also lost from the utility line network when the served water is utilized for 





I = EUW – WL – WWL   (13) 
 
Where, I is the irrigation applied for a given month and year [L
3
].  A portion I is lost to 
ET, runoff, and interflow while the remaining water becomes IRF.  In order to determine 
the volume of IRF, it was assumed that runoff and interflow are negligible; therefore, ET 
was assumed to be the only pathway for water besides as IRF.  In order to quantify ET 
rates, a standard ET rate (ET0) is used since different plants have different water 
requirements and thus different ET rates.  The ET0 values utilized are PET rates for a cool 
season grass, 4-inches tall, in a deep soil, and under well watered conditions (Garcia-
Fresca, 2004; TexasET, 2010).  With these assumptions in mind, standard plant water 
requirement values can be determined: 
 
 
                     (14) 
Where, 
 
PWR:  plant water requirement for a given month and year [L] 
 
ET0:  average standard potential evapotranspiration for a given month of 
the year [L] 
 
Tc:  turf coefficient [unit-less] 
 




Average ET0 rates for the Austin area were obtained from TexasET (2010) (Table 
4).  The turf coefficient is defined as the water requirement of specific crops and/or turf 
grasses as a fraction of the PET.  This value varies depending on plant type. The turf 
value used in this research was for a warm season grass with a Tc value of 0.6 (TexasET, 
2010).  Park and lawn irrigation rarely account for full plant requirements needed to 
maintain a healthy and attractive turf.  These requirements are often not met in order to 
avoid maximum production of grass clippings and to conserve water and money.  
Therefore, a stress coefficient is applied to reduce the PWR. The Qf values were assigned 
based on corresponding Palmer Drought Indices (PDI) (Table 5).  The PDI data was 
obtained from NOAA’s online drought monitoring center (NOAAa, 2010).  NOAA 
creates a map each week of the contiguous United States displaying the PDI values for 
each climate division (Figure 19).  These maps were utilized to generate tabular data and 
were then averaged to determine the mean PDI and corresponding Qf values for each 
month from January, 1999, to December, 2009. 
 
It is important to note that the PWR is satisfied by both precipitation and 
irrigation.  The relative contribution of these two sources to ET is difficult to discern, and 
it can be assumed that both contribute.  ET is an unbiased “consumer” of water, so that 








SWA = P + I*   (15) 
Where, 
 
SWA: surface water application for a BS GAM cell for a given month and 
year [L] 
 
I*:  irrigation height for a BS GAM cell for a given month and year [L]  
 
 
SWA values were calculated for BS GAM cells. Therefore, P values determined for BS 
GAM cells by methods discussed above were utilized. It was assumed that irrigation is 
only applied to pervious surfaces within Austin’s water service area (WSA) (Figure 20) 
and is equally distributed.  Consequently, I* is the same for all BS GAM cells within the 
WSA boundary.   
 
In order to calculate I* values, various processes within ArcGIS were employed.  
The proportion of the SWA that is irrigation can be determined for each BS GAM cell by: 
 
 
       
  
   
    (16) 
 
 
Where, SWAi is the proportion of the SWA that is irrigation for a given BS GAM cell for 
a given month and year [unit-less].  It can be assumed that irrigation and precipitation 
contribute to ET in the same proportions as they were applied to a surface and the 




PWRi = PWR × SWAi    (17) 
 
 
Where, PWRi is the plant water requirement satisfied by irrigation for a given BS GAM 
cell for a given month and year [L].   By knowing the amount of irrigation applied and 
the amount of irrigation lost for any BS GAM cell, IRF* can be calculated: 
 
IRF* = I* – PWRi   (18) 
 
 
Where, IRF* is the irrigation return flow for a given month and year [L] 
 
ArcGIS Processing 
Although IRF* values can be quantified, the distribution of this recharge cannot 
be easily determinable.  It was assumed that irrigation was applied equally to all pervious 
areas throughout Austin’s WSA.  Through the methods discussed above and those of this 
section, the “height” of irrigation applied (I*) throughout Austin’s WSA can be 
determined. Additionally, by previously quantifying the total pervious area for each BS 
GAM cell (TPAGC), a total IRF volume can be calculated and distributed throughout the 
BS GAM.   
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Converting from an irrigation volume (I) to an irrigation height (I*) is a necessary 
step towards calculating and distributing IRF volumes.  In the previous section, it was 
discussed how to calculate the total irrigation volume utilized by clients connected to 
Austin’s water distribution network (I).  In order to distribute this volume equally and 
determine a uniform irrigation height (I*) throughout Austin’s WSA, the total pervious 
area within the entire WSA was calculated for each year from 1999 and 2009.  By 




       
 
      
    (19) 
 
 
Where, TPAWSA is the total pervious area within Austin’s WSA for a given year [L
2
].  
TPAWSA values were calculated utilizing the same land use surveys discussed previously 
as well as WSA shapefiles provided by AWU.  Because the WSA shapefile was only 
available for the year 2007, it was also assumed for unrepresented years between 1999 
and 2009.  The first step was to clip the original land use shapefiles by the WSA 
shapefiles in order to isolate our region of interest.  After these files were clipped, they 
were dissolved based upon land use code with all polygons with the same land use code 
were aggregated into one polygon.  The TPAWSA for each dissolved land use survey was 




After I* values were calculated, monthly IRF* values for each BS GAM cell 
could be determined (Equation 18).  TPAGC values had been determined from previous 
ArcGIS processing but not all of the BS GAM cells are within the WSA boundaries.  
Therefore, it had to be determined which BS GAM cells are within the WSA boundaries 
for each year (Figure 20).  This was done by utilizing the Select Layer by Location tool.  
Once the desired BS GAM cells were selected, their HydroID values were exported to 
Excel.  Only BS GAM cells within the WSA boundary were used in the Excel 












IRF: volume of irrigation return flow for a BS GAM cell for a given 










The majority of recharge to the BSEA is attributed to six major losing streams 
that flow over the recharge zone (Figure 5) (Slade et al., 1986; Barrett and Charbeneau, 
1996; Hauwert et al., in press).  Numerous flow loss surveys and dye trace tests have 
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been performed for each of these studies partly to determine what percentage of Barton 
Springs discharge is contributed by each of these six streams (Table 6).  Total recharge 
for modeling this system has been traditionally calibrated to springflow (Scanlon et al., 
2001; Lindgren et al., 2009) assuming springflow from Barton Springs accounts for the 
majority of all discharge.  Cold Springs discharge has been estimated to range 3 – 28% of 
that at Barton Springs at different times but is not gauged because it is flooded by Town 
Lake.  For this study, monthly recharge from each losing stream is determined as a 
function of stream discharge. 
 
Calculating Recharge from Losing Streams 
Previously, recharge inputs for the BS GAM were determined from discharge data 
from USGS gauging stations coupled with recharge thresholds (Scanlon et al., 2003).    
There have been several studies (Slade et al., 1986; Barrett and Charbeneau, 1996; 
Hauwert et al., in press; Hauwert, 2009) that estimated these recharge thresholds for each 
of the six losing streams contributing recharge to the BSEA (Table 7).  These threshold 
values identify the rate of recharge as a function of stream discharge.  When discharge in 
the stream is below the recharge threshold, all of the stream’s discharge is lost to the 
subsurface as recharge.  When discharge exceeds the recharge threshold, recharge is 
equal to the recharge threshold.  
 
             RS = QS 








RS:  stream recharge [L
3
] 




Previously, recharge from Bear, Slaughter, and Williamson Creek was determined 
by the relationship described in Equation 21. Recharge for Onion Creek was calculated 
by subtracting average daily discharge downstream from that upstream of the recharge 
zone (Scanlon et al., 2001; Smith and Hunt, 2004).  Barton Creek recharge was 
determined by methods described in Barrett and Charbeneau (1997).  Recharge from 
Little Bear Creek was accounted for by setting it equal to Bear Creek recharge. 
 
For this study, recharge for Barton, Onion, Slaughter and Williamson Creek was 
determined by subtracting average daily discharge downstream from that upstream of the 
recharge zone.  Barton Creek had three USGS monitoring station rather than two like the 
other streams.  Therefore, recharge is calculated from these three stations.  Recharge for 
Bear creek was calculated utilizing Equation 21 (below) as no downstream monitoring 
station existed.  Discharge data was obtained online from the USGS as daily averages for 
all of the streams excluding Little Bear Creek.  Since Little Bear Creek does not have a 
stream gauge, recharge for this stream was calculated as a proportion of Barton Springs 
discharge (Table 6).  RS values were calculated on a daily temporal scale but were then 
summed for each month.  The monitoring stations are located at or slightly upstream of 
where the streams intersect the recharge zone (Figure 21).  Thus, surface runoff within 
the recharge zone during storm events is not estimated.   These recharge calculations 
underestimate total recharge and are truly only representative of recharge from the 
contributing zone.  It is important to note that these recharge calculations are only 
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underestimated during storm events so that they are representative of the total recharge 
taking place for the majority of the time. 
 
Flow-loss Surveys 
For the current version of the BS GAM, recharge is equally distributed in each 
stream where it intersects the recharge zone.  This accounts for 85% of the total recharge 
to the BSEA with the remaining 15% assigned to diffuse recharge from precipitation 
(Scanlon et al., 2003).  This uniform distribution of recharge is unrepresentative of the 
discrete recharge points found within this system (Zahm, 1998) as well as karstic aquifers 
in general.  Flow loss surveys from Hauwert et al. (in press) were utilized to incorporate 
more realistic spatial distributions.   
Numerous flow loss surveys for each of the six losing streams have been 
conducted by the USGS, the COA, and the BSEACD since 1980.  The most recent 
surveys were conducted by Hauwert et al. (in press) and have been combined with past 
studies to generate a summary of flow-loss surveys (Figures 22 – 27).  These combined 
surveys were utilized to designate segments within each stream where recharge occurred 
and assign an average contributing percentage to the total recharge for each stream (Table 
8).  The stream gauging points which delineated the recharge segments consisted of 
stream-road intersections, recharge features like swallets and caves, permanent gauging 
stations, and arbitrary distances downstream from an identifiable feature. 
 
ArcGIS Processing 
The shapefiles utilized to distribute recharge volumes from the losing streams 
were obtained from the COA (City of Austin, 2010).  The original shapefiles consisted of 
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a line shapefile of all the creeks and streams in the Austin area as well as a polygon 
shapefile of the recharge zone for the BSEA.  These files did not need to be re-projected, 
so the first step was to clip the streams file to our region of interest, the recharge zone for 
the BSEA.  This is the only region where the streams can contribute to the overall 
recharge of the BSEA.  Thus, this portion of the streams is where the recharge 
calculations will be distributed.  After the original stream shapefile had been clipped, 
only the six major losing streams were selected and exported as a new shapefile.  With 
the six losing streams isolated from the rest of the streams, the next step was to determine 
the total stream length for every BS GAM cell containing a stream.  This was done 
utilizing the Identify and Dissolve tools. 
   
In order to distribute the total recharge from each stream, stream reaches needed 
to be associated with recharge segments.  The recharge segments were identified and 
digitized within ArcGIS by creating a new point shapefile (Figure 21).  Each stream 
gauging point utilized to delineate the recharge segments were digitized based on flow-
loss surveys within Hauwert et al. (in press) (Figures 22 – 27).  After these points were 
digitized, sections of streams and their corresponding BS GAM cells could be associated 
with recharge segments.   It is important to note that portions of Onion and Bear Creek 
that intersected the recharge zone of the BSEA were outside of the BS GAM (Figure 21).  
These were not assigned to a BS GAM cell during the previous ArcGIS processing and 
were manually assigned to the nearest BS GAM cells and recharge segments.  After this 
processing was complete, each recharge segment had been associated with a collection of 
BS GAM cells each with known stream lengths.  Total monthly recharge for each 







                  (22) 
Where, 
 





CFRS:  contributing factor for a given recharge segment (Table 8) [unit-
less] 
 
RRS volumes were then distributed in each recharge segment based on the total length of 
stream for each BS GAM cell within the recharge segment: 
 
 
   
   
    
         (23) 
  
Where, 





SLRS:  total stream length for a given recharge segment [L] 
 





 Total recharge for a BS GAM cell has been defined as the summation of diffuse 
recharge (DR), indirect recharge (IR), artificial recharge (AR), and stream recharge (SR) 
for a given month and year: 
 
 
TR = DR + IR + AR + SR   (24) 
 
 
Where, TR:  total recharge for a BS GAM cell for a given month and year [L
3
].  TR 
values were organized in Excel and exported as a text file and eventually imported into 
the BS GAM as a new recharge file. 
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Table 2: Summary of City of Austin land use codes and corresponding mean impervious 
cover percentages.   
Land Use Code Description Mean Impervious Cover (%) 
50, 100 Single Family 16.11 
113 Mobile Home 10.87 
120 High Density Residential (<1/2 ac) 29.62 
130 Medium Density Residential (<2 ac) 12.55 
140 Low Density Residential (<10 ac) 6.16 
150 Duplex 31.23 
160 Large Lot Single Family (>10 ac) 2.98 
200 Multi-Family 53.89 
210 Three/Fourplex 44.66 
220 Apartment/Condominiums 61.29 
230 Group Quarters 53.46 
240 Nursing Home 56.16 
300 Commercial 69.16 
400 Office 59.27 
500 Industrial 54.25 
510 Manufacturing 61.22 
520 Warehouses (Excluding Ministorages) 60.59 
530 Heavy Equipment Sales, Service & Repair 40.92 
560 Mining 4.39 
570 Landfill/Salvage 9.46 
600 Civic 36.5 
610 Semi-institutional Housing 28.55 
620 Hospitals 52.88 
630 Government Services 41.52 
640 Education 31.74 
650 Meeting & Assembly 52.41 
670 Cemetery 9.04 
680 Cultural Facilities 39.37 
700 open space / parks 4.49 
710 Parks & Recreation 9.31 
720 Golf Course 3.24 
750 Open Space (Protected) 0.92 
800 Transportation Infrastructure 37.5 
810 Railroad Facilities 5.11 
820 Transportation Terminal 70.43 
830 Aviation Facilities 17.8 
840 Marina 12.99 
850 Parking Lot/Vehicle Storage 71.97 
860 Streets & Roads 46.7 
870 Utilities 13.13 
900 Undeveloped 2.76 
910 Agriculture 0.82 
999 Unknown 31.24 
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Table 3: Summary of LW values from varying sources and time periods. 
Year Source LW (%) 
2000 Garcia-Fresca (2004) 7.70 
2004 AWU 9.30 
2006 AWU 7.68 
2007 AWU 8.50 
2008 AWU 8.58 
  Mean:  8.35 
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Table 4: Average monthly ET0 values for Austin, TX (TexasET, 2011). 
 
Month Mean ET0  (in/month) Mean ET0 (m/month) 
Jan 2.27 0.058 
Feb 2.72 0.069 
Mar 4.34 0.110 
Apr 5.27 0.134 
May 6.39 0.162 
Jun 7.15 0.182 
Jul 7.22 0.183 
Aug 7.25 0.184 
Sep 5.57 0.141 
Oct 4.38 0.111 
Nov 2.74 0.070 
Dec 2.21 0.056 
Annual 57.51 1.461 
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Table 5: Plant stress levels and corresponding stress coefficients and Palmer Drought Indices. 
Plant Stress Level Stress Coefficient (Qf) Palmer Drought Indices 
No Stress 1 > 4 
Low Stress 0.8 2 – 3.9 
Normal Stress 0.6 -1.9 – 1.9 
High Stress 0.5 -2 – -3.9 











Table 6:  Proportions of Barton Springs discharge that is contributed by various sources. 
Stream Slade et al. 
(1986) 
Barrett and Charbeneau 
(1996) 
Hauwert et al. 
(in press) 
Barton Creek Upstream of 
Highway 360 
0.24 0.26 0.00 
Barton Creek Downstream of 
Highway 360 
- - < 0.12 
Bear Creek 0.09 0.06 0.07 
Little Bear Creek 0.09 0.06 0.04 
Onion Creek 0.29 0.39 0.38 
Slaughter Creek 0.10 0.05 0.08 
Williamson Creek 0.05 0.03 0.01 







Table 7: Summary of recharge thresholds for each stream (from Hauwert et al., in press). 
Stream Recharge Threshold (m
3
/s) 
Barton Creek – Upstream of Loop 360 1.42 
Barton Creek – Downstream of Loop 360 1.13 
Bear Creek 0.99 
Little Bear Creek 0.85   (Slade et al., 1986) 
Onion Creek 3.40 
Slaughter Creek 2.40 
Williamson Creek 0.57 
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Table 8:  Summary of different recharge segments and their respective contributions to 
the total recharge of each stream.  Values and location of recharge segments 








Barton Creek Recharge Swallet – Tucker Sink 29.58 
Barton Creek Tucker Sink – Twin Falls 8.57 
Barton Creek Twin Falls – Jones Sink 11.90 
Barton Creek Jones Sink – Loop 360 14.49 
Barton Creek Loop 360 - Barton Lodge Tributary 15.69 
Barton Creek Barton Lodge Tributary - Gus Fruh 9.29 
Barton Creek Gus Fruh - Skunk Hollow Tributary 7.30 
Barton Creek Skunk Hollow Tributary - Campbells Hole 3.18 
Bear Creek Spillar LWX - 20,000 ft Dnst from USGS 1826 Flow Station 12.74 
Bear Creek 20,000 ft - 25,000 ft Dnst from USGS 1826 Flow Station 30.71 
Bear Creek 25,000 ft - 30,000 ft Dnst from USGS 1826 Flow Station 12.62 
Bear Creek 30,000 ft - 35,000 ft Dnst from USGS 1826 Flow Station 23.38 
Bear Creek 35,000 ft - 40,000 ft Dnst from USGS 1826 Flow Station 20.55 
Little Bear Creek FM 967 - 15,600 ft Dnst from FM 967 77.71 
Little Bear Creek 15,600 ft Dnst from FM 967 – Stoneledge WQPL Flow Station 20.29 
Little Bear Creek Stoneledge WQPL Flow Station - 28,400 ft Dnst from FM 967 2.00 
Onion Creek USGS Flow Station 08158700 – Walnut Bend Swallet 11.92 
Onion Creek Walnut Bend Swallet – Crippled Crawfish Swallet 25.16 
Onion Creek Crippled Crawfish Swallet – Ruby Ranch Rd 24.00 
Onion Creek Ruby Ranch Rd – Antioch Cave 19.81 
Onion Creek Antioch Cave – Edge of Recharge Zone 19.10 
Slaughter Creek FM 1826 – Escarpment Blvd 35.94 
Slaughter Creek Escarpment Blvd - Mopac 11.28 
Slaughter Creek Mopac – Wyldwood Dr 24.87 
Slaughter Creek Wyldwood Dr – Brodie Ln 6.23 
Slaughter Creek Brodie Ln – Manchaca Rd 21.68 
Williamson Creek Highway 290 – Brush Country Rd 51.78 
Williamson Creek Brush Country Rd - Mopac 22.21 
Williamson Creek Mopac – Brodie Ln 7.80 
Williamson Creek Brodie Ln – Westgate Blvd 18.21 
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Figure 15: Site map for the Barton Springs Groundwater Availability Model (BS GAM) 
(Scanlon et al., 2001).
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Figure 16:  Extents of selected land use surveys conducted by the City of Austin (grey).  It is important to note that the BS 
GAM is not completely surveyed for years 1995 (top left), 2003 (top right), and 2008 (bottom right).
1995 2003 
2006 2008 
Outline of the BS GAM 
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Figure 17:  Example raster surface of total precipitation generated from NEXRAD 




Figure 18:  Map of pipe segments from the water distribution (top) and wastewater 
(bottom) networks within the recharge zone of the BSEA (red) as of January 
1
st
, 2010.  










Figure 20b:  Map of the extent Austin’s Water Service area (Figure 20a) and pervious area calculations for the region within 
the recharge zone as well as the water service area (Figure 20b).  Pervious areas were calculated as a grid of cells 
each 500,000 ft
2
 (46, 452 m
2
) in area based on City of Austin land use surveys.  Greener cells represent greater 
pervious areas with a range of 153,527 – 498,419 ft
2
 (14,263 – 46, 305 m
2
).  These analyses were conducted for 
each year within the study period.
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Figure 21:  Map of flow-loss survey points.  Locations based upon Figures 22 – 27.
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Figure 22: Barton Creek flow-loss surveys (modified from Hauwert et al., in press). 














Figure 23:  Bear Creek flow-loss surveys (modified from Hauwert et al., in press). 














Figure 24:  Little Bear Creek flow-loss surveys (modified from Hauwert et al., in press).  














Figure 25:  Onion Creek flow-loss surveys (modified from Hauwert et al., in press). 














Figure 26:  Slaughter Creek flow-loss surveys (modified from Hauwert et al., in press). 














Figure 27:  Williamson Creek flow-loss surveys (modified from Hauwert et al., in press). 















Updated Pump Data 
OBJECTIVE 
The model also required quantifying discharge associated with well withdrawals 
(pumpage) within the BS GAM for years 1999 through 2009.  The current  GAM only 
has inputs for years 1989 through 1999so to model the system from 1999 through 2009, 
the input file for pump data needed updating. 
 
DISCHARGE CALCULATIONS 
The BSEACD is the local governmental authority tasked with permitting water 
supply wells and pump rates for the BSEA.  Their most current report with pump data for 
the BSEA is reported in Hunt and others (2006).   Approximately 50,000 to 60,000 
people rely upon groundwater from the BSEA for their water supply from about 1,230 
water supply wells. These wells are utilized for the following purposes:  domestic (71% 
of the wells), public-supply (9%), monitor (6%), commercial (5%), irrigation (4%), 
agricultural (3%), closed loop (1%), and industrial (1%).   
 
Total reported monthly pumping volumes from 1988 through 2005 can be found 
in Hunt et al. (2006), but no individual well data can be found, excluding the year 2004.  
To determine the total volume of discharge from each well for all months from 1999 









     
  
  




PP:  proportion of total pumping  
WP:  total pumping from a given well for a given month 
TP:  total pumping from all wells for a given month 
 
 
PP values were determined for each month during 2004 for each well (Appendix A).  
These proportions were then applied to TP values for all other years between 1999 and 
2005 to estimate WP values for this time period.   WP values determined for 2005 were 
assumed for years 2006 – 2009 since data for these years were unreported.  Well 




 The location of each well within the BS GAM and the distribution of pumping 
volumes required the creation of a new shapefile was created.  An Excel table was 
created utilizing data from Hunt et al. (2006) containing the geographic coordinates of 




ArcGIS, a new shapefile could be created with the well locations (Figure 28).  
Ultimately, each well needed to be associated with a HydroID in order to associate it with 
a BS GAM cell.  This was done with the same methods previously discussed by utilizing 
the Identity tool.  After each well was assigned to a BS GAM cell, a table of total 






Figure 28:  Site map of pumping wells and mean well discharge within the BS GAM.  




A variety of model scenarios were constructed for the BS GAM to test the effects 
and relevance of the various interpretations of recharge.  The BS GAM is a numerical 
groundwater flow model (MODFLOW-96) (Harbaugh and McDonald, 1996) utilized by 
the Texas Water Development Board, the BSEACD, and the Regional Water Planning 
Group to manage groundwater resources for this region.  The model scenarios described 
in this chapter are varying the quantity and distribution of recharge to the BS GAM as 
well as utilizing updated well pump rates while keeping all other model parameters 
consistent (aquifer properties, model boundaries, etc.).  In order to test the results of each 
model scenario, outputs are compared to observed data.  In particular, simulated Barton 
Spring discharge as well as water-level elevations are compared to observed 
measurements.   Summaries of recharge inputs for each model can be found in Appendix 
B. 
 
BASELINE EQUIVALENT SCENARIO 
The original and recalibrated BS GAM models (Scanlon et al., 2001; Smith and 
Hunt, 2004) were designed to simulate monthly stress periods from 1989 to 1998 and 
1950 to 1959 respectively.  The monthly stress periods for this study are from 1999 to 
2009.  Consequently, there is no baseline scenario with which to compare the new 
recharge interpretations.  In order to make this comparison, a baseline “equivalent” 
scenario was created for this new time period by utilizing the previous methods of 
quantifying and distributing recharge (Scanlon et al., 2001).   
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Recharge for the baseline equivalent scenario was quantified utilizing various 
methods but only considers contributions from losing streams and precipitation (Table 9).  
For Onion Creek, recharge was determined by subtracting daily average flow 
downstream from that upstream of the recharge zone (Scanlon et al., 2001).  Recharge for 
Barton Creek was determined from stream discharge through a quadratic relationship 
developed by Barrett and Charbeneau (1996).  This quadratic relationship was calibrated 
to Barton Springs discharge and assumed that all reaches of the stream that contributed to 
recharge were discharging at Barton Springs.  Recent dye trace tests have demonstrated 
that this assumption is invalid and that a significant portion of Barton Creek actually 
discharges to Cold Springs (Hauwert et al., 2011 in press; Hauwert, 2009; Hunt et al., 
2006; Smith et al., 2005; BSEACD, 2002).  Bear, Slaughter, and Williamson Creek are 
the only other streams accounted for in the previous methods of calculating recharge.  For 
these streams, recharge volumes were calculated from the relationship described in 
Equation 21.  Recharge for each of the five streams was distributed equally throughout 
each stream.  In other words, the monthly total recharge volume for a stream is 
distributed equally to all BS GAM cells that the stream intersects.  Distribution does not 
consider where within the channels recharge is taking place or which cells have greater 
stream lengths.  Diffuse recharge for these models was set equal to 15% of the total 
stream recharge and distributed equally to all active cells.  These methods of calculating 
and distributing recharge for the BS GAM as well as all other model details can be found 
in Scanlon et al., 2001. 
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NATURAL RECHARGE SCENARIO 
New methods for quantifying and distributing recharge from losing streams and 
precipitation were discussed in the previous chapter.  This model scenario seeks to test 
the effects and relevance of these new interpretations of natural recharge.  Within this 
scenario, changes are made to the recharge inputs for losing streams and precipitation 
(Table 9).  These new interpretations of recharge decouple stream and precipitation 
calculations from Barton Springs discharge, consider which BS GAM cells have greater 
stream lengths, and incorporate flow-loss surveys (Hauwert et al., 2011 in press) for 
greater spatial distribution of stream recharge, and integrate NEXRAD precipitation data 
with COA land use surveys for diffuse recharge calculations and distributions.   
 
NATURAL + ARTIFICIAL RECHARGE SCENARIO 
The BS GAM does not currently consider recharge inputs from anthropogenic 
sources.  This is the first study to quantify recharge from these sources in this detail for 
Austin, TX.  In this model scenario, recharge inputs from the Natural Recharge Scenario 
are combined with anthropogenic inputs (see Methods). Thus, total recharge for this 
scenario is defined as the summation of stream loss, diffuse recharge, leakage from utility 
lines, and irrigation return flow (Table 9).   
 
ALTERED NATURAL + ARTIFICIAL RECHARGE SCENARIO 
Barrett and Charbeneau (1997) estimate diffuse recharge rates to the recharge 
zone of the BSEA with the Groundwater Loading Effects of Agricultural Management 
Systems model developed by the US Department of Agriculture (Knisel, 1993).    Their 
methods relied upon historical rainfall data from the period 1979 – 1993 and descriptions 
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of soil and vegetation types from the recharge zone.  From this model, average infiltration 
was estimated to be 50 mm year
-1
, which is about 6% of annual rainfall (Barrett and 
Charbeneau, 1997). 
 
For the altered natural + artificial recharge scenario recharge inputs from the 
natural + artificial scenario, excluding the diffuse recharge input, were combined with a 
diffuse recharge input based upon Barrett and Charbeneau (1997) (Table 9).  NEXRAD 
precipitation data determined precipitation distribution, but instead of utilizing infiltration 
percentages estimated by Wiles (2007) and Hauwert (2009), the infiltration rate from 
Barrett and Charbeneau (1997) was employed.  An important note is this methodology 
does not consider land use type like the methods discussed in the previous chapter.   
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Table 9:  Summary table of modeling scenarios and their corresponding recharge and discharge parameters.   
Model Scenario Simulated 
Time Period 
Total Recharge (TR)  Well Discharge 
Baseline 
Equivalent 
1999 - 2009 Methods described in Scanlon et al., (2001) Wp = Tp × PP 
Natural 1999 - 2009 TR = DR + SR Wp = Tp × PP 
Natural + 
Artificial 
1999 - 2009 TR = DR + SR + AR Wp = Tp × PP 
Altered Natural + 
Artificial 
1999 - 2009 TR = DR* + SR + AR 
DR*:  altered diffuse recharge calculation 
where the infiltration percentage from 
Barrett et al., (1996) (6%) is used instead of 
the percentages estimated within Wiles 
(2007) (21% for impervious cover) and 
Hauwert (2009) (32% for pervious cover).  







The results presented in this chapter are divided into the following two sections:  
1) model runs and 2) water budget analyses.  A core premise used to interpret modeled 
outcomes hinges on the assumption that modeling scenarios with the best fit for key 
metrics, such as spring flow rates and water table levels at drought indicator wells, 
represent greater accuracy in terms of scientific interpretation for recharge.  The Altered 
Natural + Artificial Recharge scenario proved to be the most accurate at simulating 
Barton Springs discharge and water-level elevations for the study period. Consequently, 
the results of the water budget analyses presented within the Water Budget Analyses 
section of this chapter are in terms of this modeling scenario. 
 
Model Runs 
The four modeling scenarios were tested using the BS GAM based on the 
MODFLOW-96 code and simulation runs were generated using the GWDSS software 
platform (Pierce, 2006).  These scenarios differed in the methods for quantifying recharge 
inputs and distributing these values within the BS GAM (Table 9).  No other parameters 
of the original model (Scanlon et al., 2001), besides the pumping file, were altered. 
 
BASELINE EQUIVALENT SCENARIO 
A true baseline scenario would be the original transient simulation conducted by 
Scanlon and others (2001) for the previous decade (1989 – 1999).  Since this thesis is 
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concerned with modeling the following decade (1999 – 2009), a baseline “equivalent” 
was generated by using the same methods for quantifying and spatially distributing 
recharge as the original method reported by Scanlon and others (2001) (Table 9).  Using 
these values, MODFLOW-96 was unable to complete the run for the Baseline Equivalent 
scenario.  Error reports indicated that a large number of cells beginning in the 
southeastern portion of the model were going dry and that the model failed to converge at 
time step 12 of stress period 93 or near the end of September, 2006 (Figure 29).  
Consecutive months of minimal precipitation took place between March, 2005, and 
January, 2007, that lead to minimal recharge.  Recharge inputs for this model scenario 
were possibly insufficient for MODFLOW-96 to converge (i.e., it was mathematically 
impossible to solve the numerical flow equations and relationships within the model with 
the given recharge inputs). 
   
Another important factor that potentially led to the failure of the Baseline 
Equivalent scenario is the spatial distribution of recharge inputs within this scenario.  The 
Baseline scenario has the smallest total recharge input of the four scenarios (Figure 30).  
The next largest is the Altered Natural + Artificial Recharge scenario that is the most 
accurate model in terms of simulating Barton Springs discharge and water-level 
elevations.  The difference between the total volumetric input over the study period for 
these two scenarios is approximately 60,000,000 m
3
 or 8%.  Although the volumetric 
difference between these two scenarios is not significant, the distribution of their 
recharge inputs is greatly different (Figure 31).  By distributing recharge in a more 
uniform manner, the Baseline Equivalent scenario potentially may cause regions within 
the model to dry up more quickly and unrealistically.   However, by accounting for 
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realistic recharge distributions, as is the case with the other three model scenarios, 
MODFLOW-96 is able to successfully run.   
 
A prime example of the importance of realistically distributing recharge inputs is 
observed in the effects of Antioch Cave.  Antioch Cave is the largest-capacity recharge 









 (95 cfs) (Fieseler, 1998).  It is located within Onion Creek in the 
southeastern portion of the model which is also the region where cells started to go dry 
first (Figure 31).  The Baseline Equivalent scenario does not account for this feature and 
recharge within this portion of the stream is no different from the rest of Onion Creek. 
This is not the case for the other three model scenarios (Figure 31).  For the Altered 
Natural + Artificial Recharge scenario, the two cells accounting for Antioch Cave 








 or 3.5 and 
1.2 cfs) of recharge over the study period.  These mark the upper limit of mean monthly 
recharge values amongst all of the BS GAM cells (Figure 31).  It is important to account 
for this feature’s location and recharge capacity because there are several horizontal no-
flow boundaries within the model framework (Figure 12) that hydraulically isolate this 
section of the model.  Consequently, by uniformly distributing Onion Creek’s recharge, 
substantially lower volumes of recharge and groundwater flow reach this portion of the 
model and are inferred to be one of the reasons why the Baseline Equivalent scenario 
fails to converge. 
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NATURAL RECHARGE SCENARIO 
The Natural Recharge scenario was able to converge, and simulates Barton 
Springs discharge moderately well (Figure 32).  In general, this scenario captured the 
general shape of observed Barton Springs discharge but substantially overestimated 




 (35.3 cfs) (Figure 33, 
Table 10).  The simulated spring flow within this scenario is almost always greater (at 
least 2x) for the entire model period (January, 1999 – December, 2008).  Similar results 
are found for water-level elevations (Figure 34, Table 11) in that this scenario tends to 
overestimate water-levels as well with a RMSE of 22.6 meters (74.1 feet). Under-
prediction of spring flows during the first six months (January, 1999 – June, 1999) of this 
scenario is attributed to initial conditions from the original BS GAM (Scanlon et al., 
2001) not being in equilibrium with boundary conditions (recharge and discharge).  This 
observation can be applied to the results from the other two model scenarios as well.  
Good correlation between simulated and observed Barton Springs discharge is found 
during recharge events following months of consecutive minimal recharge (October, 
2000 – February, 2001; December, 2006 – April, 2007).  Discharge recovery for these 
time periods are reproduced fairly well but the transition back to lower flows is poorly 
simulated in terms of discharge rates (i.e. good agreement between fluctuation trends, but 
not the spring discharge.   
 
Overestimation of Barton Springs discharge and water-level elevations can be 
explained by the overestimation of recharge from precipitation.  The infiltration 
percentages for precipitation utilized were 21 and 32% for impervious and pervious land 
cover respectively (see Methods; Wiles, 2007; Hauwert, 2009).  Impervious area ranges 
from approximately 9 – 15% of the total BS GAM for the study period (Table 1) so the 
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majority of the BS GAM area is considered pervious land cover.  This means that the 
majority of precipitation falls on these areas throughout the BS GAM and 32% is 
assumed to recharge the aquifer.  According to Hauwert (2009), these infiltration rates 
are representative of closed basins within the highland regions of the recharge zone.  
Furthermore, this 32% consists of 26% as diffuse recharge and 6% as discrete recharge 
(into a cave).  It is unknown how well these values extrapolate to other parts of the 
recharge zone, especially where discrete features may not exist.  Additionally, the 42-
month sampling period that this study was based upon was wetter than average 
conditions and may have led to artificially higher infiltration percentages (Nico Hauwert, 
City of Austin, personal communication).   
 
Ultimately, it appears inappropriate to apply the 32% infiltration rate to all 
pervious areas within the BS GAM, even though such percentages are common in other 
karstic areas (Hauwert, 2009).  The volumes of total recharge for each modeling scenario 
vary greatly between those which utilize these inflated infiltration rates (Natural 
Recharge, Natural + Artificial Recharge scenarios) and those which do not (Baseline, 
Altered Natural + Artificial Recharge scenarios) (Figure 35).  Excluding the Baseline 
scenario, recharge from losing streams and artificial sources are identical for each 
modeling scenario. Therefore, the variation in cumulative recharge between each scenario 
is truly a function of varying amounts of diffuse recharge which is a function of these 
infiltration percentages (Figure 36).  
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NATURAL + ARTIFICIAL RECHARGE SCENARIO 
There are minimal differences between the outputs from the Natural Recharge 
scenario and the Natural + Artificial Recharge scenario.  This scenario was able to 
simulate spring flows and water-level elevations that are slightly elevated from those 
observed in the Natural Recharge scenario (Figure 32).  The only difference between 
these two model scenario’s inputs is the addition of artificial recharge in the Natural + 
Artificial Recharge scenario (Table 9).  For this scenario, artificial sources only constitute 
3% of total recharge for the 10-year study period.  Therefore, it is not surprising to not 
observe significant differences between the two.  However, the addition of artificial 
sources did affect Barton Springs discharge and water-levels within the model indicating 
that they are substantial enough to influence the modeled groundwater system.  The 





and 24 m (38.8 cfs and 78.7 ft) respectively (Figures 33, 34; Tables 10, 11).  The 
significance of these results is that it demonstrates that artificial sources can potentially 
influence spring flows and water-level elevations. 
 
ALTERED NATURAL + ARTIFICIAL RECHARGE SCENARIO 
Based on the findings from the previous two model scenarios, it is evident that the 
greatest influence on how well the models scenarios could simulate Barton Springs 
discharge and water-level elevations was the input volume of diffuse recharge.  It is 
important to note that recharge volumes calculated for losing streams and artificial 
sources were determined from observed data (stream gauge data and AWU supply and 
treatment reports).  Diffuse recharge calculations utilized infiltration percentages from 
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previous studies that did employ field measurements (Hauwert, 2009; Wiles, 2007).  
However, it is likely that these values are site specific and should be scaled up only with 
great caution. Consequently, the greatest influence of uncertainty in terms of recharge 
sources is diffuse recharge due to its significance from a volumetric standpoint and the 
poor understanding of infiltration percentages.  The results from the previous model 
scenarios suggested that diffuse recharge was being overestimated.  Additionally, 
previous studies (Slade et al., 1986; Barrett and Charbeneau, 1996; Hauwert et al., 2011 
in press) all estimate that diffuse recharge is approximately 15 – 34% of total recharge.  
For the Natural Recharge and the Natural + Artificial Recharge scenarios, diffuse 
recharge is 47 and 46% of the total recharge (Figure 35).  This implies that diffuse 
recharge may be overestimated. Therefore, a lower infiltration percentage was applied 
(6% instead of 21 and 32%).  Instead of lowering the infiltration rate until the best match 
was found between simulated and observed flows / elevations, an infiltration rate from a 
previous study was utilized (Barrett and Charbeneau, 1996).  The main motivation for 
utilizing this value is that this infiltration percentage was based upon sampled data (soil 
and vegetation types, topography, etc) and was independent from Barton Springs 
discharge (water-budget approach).  Thus, the goal of decoupling recharge calculations 
from Barton Springs discharge could be achieved.  Complete decoupling is ultimately not 
achieved because the accuracy of the model scenarios is based on how well they can 
simulate Barton Springs discharge but these recharge inputs are not calculated from 
Barton Springs discharge data as previous methods have done.  
 
There is significantly greater agreement between simulated and measured Barton 
Springs discharge for the Altered Natural + Artificial Recharge scenario (Figure 32) 




 (17.7 cfs) (Figure 33, Table 10).  The model scenario 
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also simulated water-level elevations more precisely than the previous scenarios 
producing a RMSE of 10.5 m (34.4 ft) (Figure 34, Table 11). These RMSE values are 
comparable to previous model studies where simulated Barton Spring discharge and 




 and 1 – 26 m (6.0 – 13.8 cfs and 3.3 
– 85.3 ft) respectively (Table 10, 11).  This scenario generally underestimates both 
Barton Springs discharge and water-level elevations (Figures 33, 34) suggesting that 
diffuse recharge was underestimated for this scenario.   
 
This is further substantiated by the change in storage over the study period 
(Figure 36, Table 12).  Change in storage was calculated by subtracting total discharge 
(springs + pumping) from total recharge.  Results indicate that the Baseline and Altered 
Natural + Artificial Recharge scenarios had decreases in storage by approximately -2.8 x 
10
8 




 (-9.9 x 10
9




) over the ten-year study period, 
respectively.  The Natural Recharge and the Natural + Artificial Recharge scenarios 
observe an increase in storage of approximately 1.7 x 10
8 











) and over the ten-year study period, respectively.  In reality, there is probably 
close to no change in storage since this one of the objectives of the BSEACD and water-
level elevations have not demonstrated long-term declines (Brian Smith, BSEACD, 






It was determined from the modeling results that the Altered Natural + Artificial 
Recharge scenario had the best fit with simulated Barton Springs discharge and water-
level elevations. The following water budget analyses are based upon the recharge inputs 




Figure 29:  Plots of mean monthly Barton Springs discharge and precipitation (top) and the monthly recharge input for the 
Baseline model scenario (bottom).  The model failed to converge near the end of September, 2006, due to 









































































































Figure 30:  Comparison of monthly recharge inputs for the four model scenarios.  The total volumetric difference between the 






























Comparison of Recharge Inputs of the Four Modeling Scenarios 
Natural and Artificial Recharge Scenario Natural Recharge Scenario
Altered Natural and Artificial Recharge Scenario Baseline Scenario
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Figure 31:  Comparison of mean monthly recharge distributions between the Baseline (left) and Altered Natural + Artificial 
Recharge (right) scenarios.  Units are in cubic feet for labeling convenience (larger range of values) since the 
color scale is logarithmic.  The scatter of yellow colored cells in the top half of the Altered Natural and Artificial 
Recharge scenario is a direct result of artificial recharge sources and correlates with the portion of the recharge 
zone that is urbanized (see Figure 7). 





Figure 32:  Graph comparing simulated Barton Springs discharge from the model scenarios (green, yellow, and red) to 










































Comparison of Model Scenarios 
Barton Springs Discharge 
Measured Barton Springs Dsicharge Natural + Artificial Recharge Scenario
Natural Recharge Scenario Altered Natural + Artificial Recharge Scenario
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Measured Barton Springs Discharge (m3 s-1) 
Simulated vs. Measured Barton Springs Discharge 
Natural Recharge Scenario
Natural + Artificial Recharge Scenario
Altered Natural + Artificial Recharge Scenario
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Measured Water-level Elevation (m asl) 
 Simulated vs. Measured Water-level Elevations 
Natural Recharge Scenario
Natural + Artificial Recharge Scenario
Altered Natural + Artificial Recharge Scenario
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Volumetric Comparison of Recharge for the Four Modeling Scenarios 













































Cumulative Recharge and Discharge  
1999 - 2009 
Natural + Artificial Recharge Scenario
Natural Recharge Scenario
Altered Natural + Artificial Recharge Scenario
Baseline Scenario







































Cumulative Change in Storage for the BSEA 
1999 - 2009 
Natural + Artificial Recharge Scenario
Natural Recharge Scenario
Altered Natural + Artificial Recharge Scenario
Baseline Scenario
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Table 10:  Residual statistics for simulated Barton Springs discharge (modified from Lindgren et al., 2009). 
























































Steady-state Barton Jul – Aug 1999 0 - - - - - - 
Transient Barton 1989 – 98 0.34 - - - - - - 
Transient Barton 1950 – 59 0.35 0.39 - - - - - 
Transient Barton 1950 – 59; flow less than 18 cfs 0.27 0.17 - - - - - 










Table 11:  Residual statistics for simulated water-level elevations for the BSEA (modified from Lindgren et al., 2009). 


















































Synoptic Jul – Aug 
1999 
99, 74 7 - 5.1 - - - - 
Transient Synoptic Mar – Apr 
1994 
27 9 - - - - - - 
Transient Synoptic Jul – Aug 
1996 
23 11 - - - - - - 
Transient Synoptic Jul – Aug 
1998 
35 20 - - - - - - 
Transient Hydrographs 1989 – 98 8 1 – 26 - - - - - - 




10 26 5.6 - - - - - 









Table 12:  Change in storage for the four model scenarios (1999 - 2009). 
Model Scenario Approximate Change in Storage (1999 -2009) (m
3
) 
Baseline Scenario -280,000,000 
Natural Recharge Scenario 170,000,000 
Natural + Artificial Recharge Scenario 200,000,000 
Altered Natural + Artificial Recharge Scenario -150,000,000 
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Water Budget Analyses 
ARTIFICIAL RECHARGE SOURCES 
Estimated artificial recharge from leaky water mains, leaky wastewater pipes, and 









respectively (Figure 38, Table 13).  Recharge from water mains and irrigation return flow 
oscillate between winter and summer months as water demands throughout the year peak 
during the summer.  These peak recharge intervals coincide with months where lawn 
irrigation increases. Consequently, more water is transmitted through the water 
distribution network and is therefore available to leak or become irrigation return flow.   
 
The range of recharge rates for each source varies.  Wastewater leakage has the 








). Generally, water for 
irrigation is not transported to sewage treatment plants such that feedbacks to the treated 
volume of water are negligible.  Therefore, there is not a concomitant increase in the 
volume of leakage from the wastewater network due to an increase in irrigation demands.  








) with peaks 
strongly correlating with summer months.  Irrigation return flow has the greatest variance 








) and peaks during the summer 
months as well, although this can be altered by water rationing during droughts.  The 
ranges of these two sources are best explained by the changes in irrigation demand 
throughout the year.   
 
Leakage from water mains has a more constant rate of recharge since the majority 
of water distributed throughout the year is for municipal needs and is independent of the 
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seasons whereas irrigation return flow is clearly dependent upon the time of year since it 
affects PET and precipitation patterns.  It is important to note that during time intervals 
where water demand for irrigation is high, recharge from irrigation return flow can be 
twice as large as recharge from both utility networks combined.  However, for the 
majority of the year, recharge from leaky utility lines is greater than from irrigation return 

















).   
 
The cumulative recharge from leaky water mains over the ten-year study period is 




 (14,593 acre-feet) whereas the cumulative recharge for leaky 









(5,918 and 6,648 acre-feet), respectively (Figure 39, Table 13). Consequently, leakage 
from the water distribution network is the most significant source of artificial recharge in 
the study area.  The cumulative recharge of each source increases approximately linearly.  
For irrigation return flow, cumulative recharge increases in a somewhat stair step pattern 
with sharp increases coinciding with summer months and increases in lawn irrigation.   
 
  When comparing the contribution of artificial recharge sources to the overall 
recharge of the study site and time period, artificial recharge constitutes approximately 
4.34% of the total recharge to the BSEA from January, 1999, to December, 2009 (Figure 
40, Table 13).  In comparison to natural recharge sources, long-term artificial recharge is 
greater than Williamson (1.34%), Little Bear (3.26%), and Slaughter Creeks (4.33%).  It 
is also comparable to Bear Creek which contributes approximately 5.60% of total 
recharge.   
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These contributions are ten-year averages and are highly variable on a month by 
month basis.  In fact, the contribution to total monthly recharge from artificial recharge 
sources can range from <1 to 52%.  This variance is not explained by significant 
fluctuations in artificial recharge, but rather changes in contributions from losing streams 
and precipitation.  For months with little to no precipitation, recharge contributions from 
natural sources are comparable to artificial recharge sources. However, in wet months, 
artificial recharge is dwarfed by its natural counterparts.  Three months representing 
minimal, maximum and mean recharge conditions are shown in Figures 41 and 42 to 
demonstrate how the relative contribution of artificial recharge can vary on a month by 
month basis.   
 
It is important to note that limitations in the methods for calculating recharge 
from Little Bear Creek and precipitation artificially lower the relative contribution of 
artificial recharge sources for the minimal recharge condition (Figures 41 and 42).  
Because Little Bear Creek recharge is calculated as a percentage of Barton Springs 
discharge and Barton Springs never stopped flowing during the study period, there is 
always recharge taking place in this watershed.  In reality, recharge for Little Bear Creek 
is similar to the other creeks in that for the majority of time it is dry and the watershed 
contributes only artificial recharge.  These dry time intervals are offset by flashy storm 
events which result in flashy recharge events (see Figures 43 – 48).  The same can be said 
for the diffuse recharge calculations.  
 
Monthly NEXRAD precipitation data are interpolated from radar and rain gauges 
and do not have zero values.  Consequently, for months where no rainfall takes place, 
there are values of precipitation within the NEXRAD data sets that are very small 
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(several decimal places) but not zero.  This leads to overestimated diffuse recharge 
volumes for months where no actual precipitation takes place.  Ultimately, the true 





Figure 38:  Graph of mean monthly recharge rates within the recharge zone of the BSEA from irrigation return flow, leaky 
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Irrigation Return Flow




Figure 39:  Graph of cumulative recharge volumes within the recharge zone of the BSEA from irrigation return flow, leaky 

































Cumulative Recharge of Artificial Recharge Sources 
Irrigation Return Flow




Figure 40:  Comparison of artificial and natural recharge sources for the 10-year study period (January, 1999 - December, 
2009).  Artificial sources (orange) constitute approximately 5% of the total recharge. 
1% 1% 
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Figure 42:  Volumetric comparison of artificial and natural recharge sources for the minimum, average, and maximum 





























Table 13:  Minimum, maximum, and mean recharge rates for all recharge sources for the Altered Natural + Artificial Recharge 




 in reality.  Precipitation values are 
based upon interpolation techniques from NEXRAD gridded precipitation.  The interpolation techniques do not 
allow for zero values, rather decimals that approach zero.  Little Bear Creek’s recharge was calculated as a 


























Percentage of  
Total Recharge (%) 
1999 - 2009 
Onion Creek 0.000 3.469 1.479 2.5 x 10
8
 32.17 
Barton Creek 0.000 6.128 1.315 2.1 x 10
8
 27.98 
Precipitation 0.014* 2.247 0.474 1.6 x 10
8
 20.88 
Bear Creek 0.000 0.781 0.260 4.3 x 10
7
 5.60 
Slaughter Creek 0.000 1.013 0.205 3.4 x 10
7
 4.33 
Little Bear Creek 0.017* 0.135 0.147 2.5 x 10
7
 3.26 
Total Artificial Recharge 0.058 0.259 0.098 3.4 x 10
7
 4.34 
Williamson Creek 0.000 0.271 0.063 1.0 x 10
7
 1.34 
Leakage:  Water Distribution 0.038 0.086 0.055 1.8 x 10
7
 2.42 
Irrigation Return Flow 0.000 0.171 0.022 8.3 x 10
6
 1.06 





Natural Recharge Sources 
Natural recharge sources provide approximately 96% of long-term recharge for 
the BSEA (1999 – 2009) (Table 13).  Losing streams contribute 75% of this total 
recharge while diffuse recharge is responsible for 21%.  These values are consistent with 
previous studies but slightly differ in that the contribution to total recharge from losing 
streams is lowered and greater emphasis is placed upon diffuse recharge (Table 14).  
Recent studies have had similar findings and have also suggested that diffuse recharge 
contributes greater amounts than previously estimated (Hauwert, 2009; Hauwert et al., 
2011 in press). 
 
LOSING STREAMS 
Recharge from losing streams is highly dependent upon precipitation events.  All 
of the streams experience time intervals (1 – 6 months) of no stream flow due to 
insufficient precipitation.  Therefore, there are time intervals of minimal recharge that 
coincide with these dry time periods (Figures 43 – 48).  When precipitation events do 
take place in great enough magnitudes to generate stream flows, stream recharge 
increases dramatically resulting in flashy recharge events.  This is evident not only by 
analyzing monthly recharge rates (Figures 43 – 48), but also apparent when plotting 
cumulative recharge volumes (Figure 49).  All of the streams have a stair-step pattern for 
cumulative recharge explained by intervals of virtually no stream flow followed by sharp 
increases coinciding with precipitation events. 
 
When comparing the streams to one another, Onion Creek is the largest 
contributor followed by Barton, Bear, Slaughter, Little Bear, and Williamson Creek 
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(Figures 50 and 51).  Onion Creek contributes 42% of the total stream recharge for the 




 (202, 678 acre-feet) or 32% of 
all recharge for the BSEA.  Other individual stream contributions to total recharge for the 
BSEA are similar to values previously reported as well (Slade et al., 1986; Barrett and 
Charbeneau, 1996; Hauwert et al., 2011 in press) (Table 14). 
 
PRECIPITATION 
Values of diffuse recharge from this study and from previous work are by far the 
most questionable. They may be accurate but, in comparison to recharge estimates for 
other sources, they introduce the greatest amount of uncertainty.  This is mainly due to 
the lack of data and the difficulty of taking direct measurements, land surface 
heterogeneity, and the general lack of understanding of how this recharge mechanism 
works.  It is estimated from the Altered Natural + Artificial Recharge scenario that 
diffuse recharge constitutes approximately 21% of the total recharge to the BSEA (1999 




 (129,714 acre-feet) (Figures 40; Table 13, 14).  As discussed 
above in the Modeling Results section, this volume of recharge is insufficient to honor 
the assumption of no long-term change in aquifer storage. Therefore, there is a reduction 




 (126,471 acre-feet) in storage over the ten-year study period (1999 – 
2009).  In order for there to be no change in storage, the precipitation infiltration 
percentage would have to be approximately 18.5%.  This is within the range of previous 
studies (6 – 32%) (Hauwert, 2009; Wiles, 2007; Barrett and Charbeneau, 1996; Slade et 
al., 1985).  However, utilizing this rate generates less agreement between simulated 
Barton Springs discharge and water-level elevations compared to the outputs from the 




 and 14.3 vs. 
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10.5 m or 20.5 vs. 17.7 cfs and 46.9 vs. 34.5 feet) (Figures 53 - 55).  These results 
indicate that simulated spring flows and water-level elevations are generally 
overestimated, suggesting that diffuse recharge is overestimated when using 18.5%.  
However, lowering the precipitation infiltration percentage induces deficits in aquifer 
storage according to the water budget analyses.  Lack of agreement between the water 
budget analyses and the modeling analyses are most likely the result of the inherent 
limitation of the methods employed for determining diffuse recharge and the model 
framework.  Additionally, the model probably inadequately represents true aquifer 
characteristics for hydraulic conductivity, transmissivity, specific yield, and storativity. 
 
The method of employing precipitation infiltration percentages for calculating 
diffuse recharge is appropriate for long-term (yearly or greater) water budget analyses.  
However, the models analyzed in this study probably underestimates and/or 
overestimates recharge for short timescales (monthly or less).  In reality, precipitation 
infiltration percentages may vary greatly from storm event to storm event and are a 
function of antecedent moisture conditions.  This may explain why the model is unable to 
produce more accurate simulations of spring flows and water-level elevations as recharge 
inputs for the model are on monthly time steps, whereas the diffuse recharge 
quantification probably require sub-monthly if not sub-daily quantification.  However, 
lack of agreement could also be explained by the inherent inaccuracy of the model and 
complexity of representing the karstic groundwater system as an equivalent porous 
media.  Ultimately, the data from this study suggest that on average approximately 6 – 






















































Figure 45: Monthly recharge for Little Bear Creek.  These recharge volumes are calculated as a percentage of Barton Springs 
discharge (see Methods, Table 5) so no zero values exist.  This is untrue for actual recharge but was determined 














































































Figure 48:  Monthly recharge for Williamson Creek.  Periods when no gaging data existed were accounted for by calculating 
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Period of no gaging data, 
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Figure 53:  Graph of simulated and measured mean monthly Barton Springs discharge from January, 1999 – December, 2008 
for the Altered Natural + Artificial Recharge scenario before (red) and after (blue) calibration.  The calibrated 














































Comparison of Model Scenarios  
Barton Springs Discharge 
Measured
Altered Natural + Artificial Recharge Scenario:  Calibrated Precipitation




Figure 54: Scatter plot of simulated versus measured Barton Springs discharge from January, 1999 – December, 2008 for the 
Altered Natural + Artificial Recharge scenario before (red) and after (blue) calibration.  The calibrated version 








































Measured Barton Springs Discharge (m3 s-1) 
Simulated vs. Measured Barton Springs Discharge 
Altered Natural + Artificial Recharge Scenario
Altered Natural + Artificial Recharge Scenario:  Calibrated Precipitation








Figure 55: Scatter plot of simulated versus measured water-level elevations from January, 1999 – December, 2008 for the 
Altered Natural + Artificial Recharge scenario before (red) and after (blue) calibration.  The calibrated version 





































Measured Water-level Elevation (m asl) 
 Simulated vs. Measured Water-level Elevations 
Altered Natural + Artificial Recharge Scenario:  Calibrated Precipitation
Altered Natural + Artificial Recharge Scenario
RMSE 14.3 vs. 10.5 m 
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Table 14: Summary of total recharge percentages for the BSEA (modified from Hauwert et al., 2011 in press).  Previous 
studies report values as creek channel sources to Barton Springs.  This means they are assuming almost all 
recharge from these creeks discharge at Barton Springs so their calculations are coupled to Barton Springs 
discharge.  This study reports values as total recharge percentages decoupled from Barton Springs discharge. 
Stream Slade et al. 
(1986) 
Barrett and Charbeneau 
(1996) 
Hauwert et al. 
(2011, in press) 
This Study 
Barton Creek Upstream of 
Highway 360 
0.24 0.26 No Data 0.18 
Barton Creek Downstream of 
Highway 360 
No Data No Data < 0.12 0.10 
Bear Creek 0.09 0.06 0.07 0.06 
Little Bear Creek 0.09 0.06 0.04 0.03 
Onion Creek 0.29 0.39 0.38 0.32 
Slaughter Creek 0.10 0.05 0.08 0.04 
Williamson Creek 0.05 0.03 0.01 0.01 
Precipitation 
(diffuse recharge) 





New methods for quantifying and distributing recharge with greater spatial and 
temporal resolution for both artificial and natural sources have been developed for the 
BSEA.  Artificial sources include leakage from water distribution and wastewater 
networks as well as irrigation return flows.  Natural sources include stream loss from 
Barton, Bear, Little Bear, Onion, Slaughter, and Williamson Creek as well as diffuse 
recharge from precipitation.  Recharge values calculated for these sources were 
quantified from newly available data sets (NEXRAD, City of Austin land use surveys, 
Austin Water Utility flow reports, USGS stream gauges) and were quantified from 
January, 1999 – December, 2009.  These calculations have successfully decoupled 
recharge quantification from observed discharge, therefore reducing the uncertainty and 
circular reasoning inherent to the previously reported methods (Scanlon et al., 2001; 
Barrett and Charbeneau, 1996).  Recharge values were spatially and temporally 
distributed within the BS GAM using new methods developed within this study.  These 
methods are more representative of the actual system by accounting for karstic features, 
precipitation patterns, utility line locations, and impervious / pervious area locations.  
Water budget analyses from this study span a 10-year study period which is longer than 
those conducted by previous studies (Slade et al., 1985; Barrett and Charbeneau, 1996; 
Hauwert et al., 2011, in press).  This longer study period coupled with the consideration 
of anthropogenic recharge sources provides the most accurate water budget analysis for 





Four modeling scenarios were generated within this study to assess newly 
developed methods for quantifying and spatially distributing recharge values for the BS 
GAM.  The recharge inputs calculated for the Altered Natural + Artificial Recharge 
scenario produced the most accurate results in terms of simulating Barton Springs 
discharge and water-level elevations from January, 1999 – December, 2009.  This 
suggests that the water budget analyses for this scenario are also the most accurate as 
well as being substantiated by other recent studies.   
 
It is important to note that there are discrepancies between the modeling and 
water budget analyses.  In particular, there is a net deficit in aquifer storage for the ten-
year study period for the Altered Natural + Artificial Recharge scenario according to 
water budget analyses.  There is no long term loss in storage over the ten-year study 
period according to the BSEACD and suggested by stable long term water-level 
elevations.  In order for there to be no change in storage, the precipitation infiltration 
percentage would need to be increased from 6 to 18.5% for the Altered Natural + 
Artificial Recharge scenario.  However, the accuracy of the modeling results when using 
this new “calibrated” recharge input diminishes from the original input.  This discrepancy 
is best explained by the inherent inaccuracies of representing a karst system as an 
equivalent porous media.  Additionally, there may be other discharge features such as 
communication between the BSEA and the Colorado River via fissures and flow across 
“no flow boundaries” like the groundwater divide south of Onion Creek that are 
unaccounted for within the model.  
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Artificial Recharge Conclusions 
Results indicate that recharge contributions from anthropogenic sources are 
significant to the overall water budget, especially during drought conditions.    While the 
contribution of artificial recharge sources to the total aquifer recharge is approximately 
4%, the relative contribution is highly variable and dependent upon seasonal conditions 
of both inputs and demand.    The cumulative volume of recharge contributed by artificial 
recharge sources are of comparable magnitude with the six losing streams in the basin, 
and results indicate that artificial sources actually contribute more recharge than three of 
the streams. 
 
With the introduction of new recharge sources from the urbanization of the Austin 
area, one would expect increases in springflow.  Sharp and others (2009) document this 
observation at Barton Springs where cumulative discharge from Barton Springs has been 
increasing relative to precipitation since the 1960’s.  This deviation of discharge relative 
to precipitation was suggested to be from recharge from artificial sources with the onset 
of urbanization.   However, results of this study demonstrate that cumulative recharge 
from artificial resources cannot account for the majority of the cumulative differences 
between Barton Springs discharge and precipitation estimated by Sharp and others 
(2009). If the recharge rates from artificial sources determined from this study were 
applied from 1960 to 2004, the cumulative recharge would be an order of magnitude 
short of the cumulative difference between discharge and precipitation reported by Sharp 
and others (2009).  The most likely explanation for this discrepancy is that Sharp and 
others utilized a fitting constant from the first 5 years of the period of record that was an 
empirical function calculated from the time series that implicitly represented surface area, 
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slope, precipitation patterns, antecedent moisture conditions, and permeability to convert 
precipitation rates to recharge estimates.   This fitting constant was assumed to remain 
constant through time. The results from this study imply that variability in the factor 
warrants refining to improve recharge estimates for the BSEA case study area.   There 
also could be greater artificial recharge taking place than is presented in this study as our 
estimates are conservative, but it seems unlikely that this could account for the 
difference.  
 
The City of Austin utilizes the Colorado River as its primary reservoir. Therefore, 
imported water is introduced into the BSEA via leaky utility lines, irrigation return flow, 
and other types of artificial recharge sources.  This has essentially established a new 
baseflow for recharge to the aquifer as well as discharge from Barton and Cold Springs.  
This is important for managing water and environmental resources during drought 
intervals and, in particular, maintaining flow at Barton Springs, which hosts a federally-
listed endangered species, the Barton Springs salamander (Eurycea sosorum).  Managing 
the water resources of the BSEA, as with any urban aquifer system, requires knowledge 
about the complex components and feedbacks from shifting conditions and anthropogenic 
sources. The methods used in this study can be replicated in many urban areas to 
determine the relative importance of artificial recharge for specific systems.  This 
research confirms that the common assumption of reduced recharge in urban settings 
does not hold and that artificial recharge can be an important source with buffering 
capacity against drought conditions and, where water quality is adequate, may actually 




Natural Recharge Conclusions 
The results from the water budget analyses for the Altered Natural + Artificial 
Recharge scenario indicate that estimates of natural recharge derived from this study are 
comparable with previous studies (Slade et al., 1985; Barrett and Charbeneau, 1996; 
Hauwert et al., 2011, in press).  The estimates presented within this study utilized the 
most current data (2010) that only recently have become available.  Therefore, recharge 
from natural sources presented in this study is believed to be the most accurate estimate 
currently available.  The majority of recharge is still attributed to losing streams (75%) 
with precipitation (21%) and artificial recharge (4%+) also being significant.  As stated 
previously within the Modeling Conclusions section, these relative contributions are 
based on water budget analyses from the Altered Natural + Artificial Recharge scenario.  
This scenario yields and overall deficit in storage for the 10-year study period.  If the 
precipitation infiltration percentage is increased from 6 to 18.5% in order to honor the 
observation of no change in storage, the relative contribution of these recharge sources 
are as follows:  losing streams (62%), precipitation (35%), and artificial (3%).  These 
values agree with the most recent values reported by Hauwert (2009) and Hauwert et al., 
(2011, in press). 
 
Future Work 
Further comparative modeling is needed with flow models that incorporate the 
recharge quantities and distributions developed in this study.  A limitation of this study is 
the paucity of data.  In order to enhance our estimates of recharge processes within the 
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BSEA, greater temporal and spatial resolution data sets are required for the following:  
Little Bear Creek stream gauge data, NEXRAD data, land-use, irrigation application, and 
utility line leaks.  The greatest uncertainty in terms of recharge is from diffuse recharge.  
In order to estimate recharge from precipitation, new methods must be employed.  
Antecedent moisture conditions need to be considered as well as other parameters that 
control diffuse recharge (topography, land-use, soil and vegetation cover, etc).  In 
addition, further geochemical work needs to be performed to verify the influence of 
artificial recharge presented within this study.  Finally, improved scientific interpretation 
of recharge can be paired with numerical modeling for comparative analysis within a 
decision support context.  Evaluation of the sensitivity of groundwater behavior across 
different scientific interpretations of input and modeled representations for the same 
aquifer pose an opportunity to evaluate the impact of uncertainty in groundwater science 





Summary of PP values for wells reported within Hunt et al. (2006) for the year 2004.   
 
 
Proportion of Total Pumping (%)             
State Well 
Number Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
58-50-735 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-4LC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-57-305 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-57-315 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-410 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-57-3H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-126 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-1MT 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-122 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-738 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-7PC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-729 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-8RRB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-744 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-724 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-730 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-4MC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-726 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-122 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-42-8VW 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-42-825 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-42-821 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-42-913 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-1JS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-8LB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-8KL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-407 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 
58-58-415 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-58-414 0.08 0.06 0.07 0.07 0.06 0.05 0.06 0.06 0.06 0.06 0.07 0.09 
58-58-406 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-423 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-418 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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58-58-509 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-7MO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-861 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-862 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-859 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-860 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-835 0.00 0.01 0.03 0.06 0.07 0.09 0.08 0.07 0.05 0.06 0.03 0.01 
58-50-414 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-123 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-1NF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-5A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-231 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
58-42-9NC 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.03 
58-58-4GF 0.08 0.06 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06 
58-50-731 0.02 0.02 0.03 0.03 0.05 0.03 0.04 0.04 0.04 0.03 0.03 0.02 
58-57-9N1 0.10 0.15 0.11 0.13 0.11 0.10 0.06 0.08 0.09 0.12 0.10 0.11 
58-57-6M3 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
58-57-607 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-57-606 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-57-608 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
58-58-417 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
58-58-708 0.09 0.09 0.08 0.08 0.08 0.10 0.09 0.08 0.08 0.09 0.10 0.11 
58-57-312 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-125 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-426 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-57-307 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-57-314 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-57-3Z4 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-57-308 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-58-413 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
58-58-403 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
58-58-119 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
58-58-106 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
58-58-409 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-49-911 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-127 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
58-58-121 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01 
58-58-501 0.08 0.06 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06 
58-58-118 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
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58-58-120 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
58-58-102 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01 
58-58-117 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-115 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-111 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-114 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.04 0.03 
58-49-915 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-49-927 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 
58-50-727 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-704 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-50-728 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-718 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
58-50-732 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-7AD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-215 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-50-8AS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-202 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-845 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-58-207 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-737 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-58-209 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 
58-50-858 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
58-50-846 0.07 0.07 0.06 0.06 0.05 0.06 0.05 0.04 0.05 0.05 0.07 0.06 
58-50-849 0.07 0.07 0.06 0.06 0.05 0.06 0.05 0.04 0.05 0.05 0.07 0.06 
58-50-723 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-842 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-843 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
58-50-838 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
58-50-855 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
58-50-852 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
58-50-830 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 
58-50-215 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 




Summary of monthly recharge inputs for this study (m
3
) 
Precip A:  diffuse recharge input for the Natural and Natural + Artificial Recharge scenarios 
Precip B:  diffuse recharge input for the Altered Natural + Artificial Recharge scenario 
WL:  leakage from water distribution system 
WW:  leakage from waste water network 
IRF:  irrigation return flow 
 
Date Precip A Precip B WL WW IRF Barton Bear L. Bear Onion Slaughter Williamson 
Jan-99 656,079 199,883 109,673 59,875 0 2,255,743 262,273 307,926 3,187,888 71,464 76,981 
Feb-99 595,657 190,617 107,262 53,656 0 909,881 121,350 261,412 1,516,877 41,934 65,353 
Mar-99 4,326,179 1,346,979 118,023 62,098 18,719 706,082 122,329 273,948 1,289,345 51,916 68,487 
Apr-99 735,057 233,644 128,066 58,782 0 428,640 99,013 249,257 727,612 41,372 62,314 
May-99 7,560,291 2,284,605 131,261 63,651 67,942 1,290,079 88,297 230,869 432,555 66,351 57,717 
Jun-99 4,758,487 1,484,925 138,055 60,020 85,214 1,748,568 100,603 201,696 635,376 78,217 50,424 
Jul-99 5,921,941 1,841,989 144,986 62,205 113,906 1,438,342 188,876 199,924 1,336,320 55,635 49,981 
Aug-99 340,738 109,101 205,314 57,497 0 66,547 27,402 166,250 251,997 9,052 41,562 
Sep-99 484,383 154,563 193,470 54,203 0 3,768 1,566 123,601 121,008 0 30,900 
Oct-99 1,800,225 548,202 174,046 56,817 31,294 1,908 0 101,327 15,976 0 25,332 
Nov-99 121,157 37,164 142,732 53,201 0 16,637 0 90,425 15,071 0 22,606 
Dec-99 908,291 281,526 128,624 52,574 64,835 36,160 0 87,979 15,707 0 21,995 
Jan-00 3,151,278 996,177 119,962 56,380 116,400 117,754 587 87,675 18,667 0 21,919 
Feb-00 2,637,721 807,975 114,099 54,461 73,595 158,538 3,915 73,710 18,374 367 18,428 
Mar-00 3,195,691 934,323 125,512 56,569 21,690 121,839 6,410 81,911 30,313 0 20,478 
Apr-00 2,188,887 670,708 132,150 56,704 11,927 175,419 4,869 74,572 18,374 220 18,643 
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May-00 4,781,797 1,465,392 147,648 58,652 155,078 347,658 22,900 77,967 84,138 685 19,492 
Jun-00 11,787,237 3,608,111 145,853 62,417 230,010 1,757,791 347,487 142,978 738,034 894,003 35,744 
Jul-00 469,705 158,571 199,484 54,766 0 168,814 43,745 114,979 30,851 44,699 28,745 
Aug-00 256,751 79,646 198,708 54,848 0 4,502 5,015 80,394 9,493 0 20,099 
Sep-00 792,636 245,989 182,344 55,150 0 49 73 61,947 465 0 15,487 
Oct-00 6,239,630 1,908,805 142,909 61,650 199,859 102,805 23,071 84,945 1,492 98 21,236 
Nov-00 12,027,020 3,776,017 118,409 76,859 0 4,607,146 1,542,297 215,494 6,172,979 1,463,786 53,874 
Dec-00 1,301,519 419,580 119,501 68,918 0 3,375,540 951,718 258,779 4,988,568 919,423 64,695 
Jan-01 3,140,355 986,622 116,177 73,273 0 4,836,880 1,282,006 283,049 8,088,379 1,565,074 70,762 
Feb-01 1,665,343 525,399 102,457 57,960 0 2,967,696 717,825 272,646 5,795,937 541,672 68,162 
Mar-01 3,581,237 1,134,588 110,275 73,785 0 5,578,192 1,073,313 307,016 8,333,036 1,924,232 76,754 
Apr-01 1,452,433 442,175 123,922 60,683 0 3,447,225 481,975 301,810 4,357,351 670,851 75,452 
May-01 6,290,480 1,929,054 143,665 60,381 117,434 2,573,797 328,575 311,567 6,319,505 225,330 77,892 
Jun-01 1,544,814 474,393 162,663 50,826 0 635,376 90,939 280,965 1,650,949 46,950 70,241 
Jul-01 991,057 308,071 217,632 48,023 0 37,555 4,184 267,274 266,921 2,398 66,818 
Aug-01 9,443,869 2,984,647 222,165 56,307 0 201,794 66,987 229,655 224,253 3,939 57,414 
Sep-01 4,025,023 1,268,946 145,022 55,853 59,833 491,272 63,171 226,357 701,923 1,346 56,589 
Oct-01 3,513,971 1,121,133 150,214 55,113 119,417 902,542 37,873 205,385 752,322 4,600 51,346 
Nov-01 17,870,950 5,598,780 125,497 65,670 50,878 3,064,581 499,615 234,871 4,083,579 248,327 58,718 
Dec-01 7,287,935 2,263,403 109,173 82,154 0 6,706,064 2,023,073 320,668 8,585,034 2,532,695 80,167 
Jan-02 1,480,358 471,940 116,731 63,166 3,282 2,113,841 782,170 339,174 5,335,981 757,704 84,793 
Feb-02 922,334 298,762 109,952 54,577 0 1,367,146 282,335 297,308 2,387,858 195,481 74,327 
Mar-02 1,963,364 597,287 124,262 58,116 5,324 1,344,149 184,227 308,229 1,578,041 95,612 77,057 
Apr-02 1,496,517 460,466 137,273 56,492 0 1,038,082 109,802 287,717 1,189,036 44,699 71,929 
May-02 2,514,717 771,905 182,553 54,574 4,823 257,429 33,273 274,555 392,920 10,618 68,639 
Jun-02 9,315,537 2,888,004 172,768 54,377 444,251 361,946 88,811 233,990 434,756 3,596 58,498 
Jul-02 13,267,663 4,014,794 148,239 66,204 183,319 10,422,412 1,700,859 293,364 8,991,165 2,513,856 73,341 
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Aug-02 1,407,979 458,092 193,287 54,860 0 2,100,140 297,504 305,499 3,368,935 48,736 76,375 
Sep-02 6,321,821 1,915,037 165,599 53,548 283,501 729,324 110,708 270,102 1,511,984 14,117 67,525 
Oct-02 10,774,615 3,346,412 149,601 60,450 275,221 2,028,456 493,009 260,296 4,277,103 143,492 65,074 
Nov-02 4,115,351 1,303,818 135,026 59,238 124,662 3,532,855 1,256,561 288,304 8,230,280 710,241 72,076 
Dec-02 7,533,590 2,399,206 122,407 63,858 49,150 3,143,850 1,486,784 323,095 8,342,823 1,048,602 80,774 
Jan-03 621,224 208,634 112,154 62,984 0 4,391,603 802,966 330,072 8,937,340 563,691 82,518 
Feb-03 5,917,271 1,852,431 98,786 58,987 0 3,826,444 946,091 311,831 6,620,433 1,103,161 77,958 
Mar-03 350,972 112,631 113,663 63,189 0 2,970,143 1,047,379 350,095 8,619,286 743,270 107,992 
Apr-03 621,224 208,634 144,929 52,693 0 1,713,826 284,047 315,021 3,299,207 101,141 45,164 
May-03 621,224 208,634 166,095 53,877 0 799,541 83,184 303,982 725,777 18,349 4,942 
Jun-03 6,196,426 1,935,079 158,202 53,104 151,483 881,501 27,548 281,258 507,249 5,921 17,053 
Jul-03 1,562,204 484,712 175,155 51,185 0 303,302 3,645 270,611 214,149 563 9,640 
Aug-03 2,249,671 700,768 196,876 50,113 28 33,273 0 248,464 76,186 0 0 
Sep-03 4,683,247 1,477,040 151,090 50,193 172,895 117,362 0 206,980 9,297 0 21,089 
Oct-03 1,464,553 452,649 147,219 51,903 0 92,872 0 171,710 10,227 0 1,884 
Nov-03 860,531 278,576 126,808 48,000 9,667 69,532 0 126,243 7,193 0 196 
Dec-03 589,914 191,497 129,147 48,102 0 80,052 0 121,047 17,982 0 147 
Jan-04 3,738,086 1,169,279 118,858 51,195 151,729 568,951 1,003 122,867 31,169 489 84,064 
Feb-04 4,455,619 1,425,145 105,366 52,823 54,256 1,529,550 17,982 115,087 238,688 489 171,945 
Mar-04 2,145,470 646,019 114,477 57,894 41 2,850,603 69,948 139,856 1,250,200 64,027 159,027 
Apr-04 5,163,179 1,581,026 115,567 56,202 22,090 3,447,225 162,208 164,997 4,805,074 199,763 120,225 
May-04 2,974,765 915,064 131,691 52,492 0 2,541,992 152,666 190,823 4,237,469 98,891 71,171 
Jun-04 17,776,178 5,593,126 131,115 61,388 127,810 4,476,989 881,110 217,843 6,958,550 741,704 434,487 
Jul-04 2,568,120 800,444 157,812 54,145 0 3,292,112 1,032,210 292,454 5,796,182 597,209 210,014 
Aug-04 2,799,105 833,337 173,918 49,535 178 414,450 74,131 259,386 1,939,131 31,047 7,854 
Sep-04 1,735,952 535,368 161,608 46,634 0 99,551 22,729 210,797 377,384 171 2,691 
Oct-04 9,458,188 2,929,135 137,535 52,262 217,826 1,365,630 331,095 198,407 2,103,150 514 59,158 
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Nov-04 18,726,542 5,823,400 113,646 69,484 0 5,016,458 1,862,578 239,862 7,615,456 1,808,802 597,331 
Dec-04 477,321 150,671 114,766 56,690 0 2,539,545 1,150,135 310,656 5,472,500 622,898 267,460 
Jan-05 2,696,712 844,844 113,009 53,793 40,223 2,232,745 381,176 295,184 4,546,471 118,463 118,219 
Feb-05 3,086,311 958,821 99,122 53,524 2,621 2,921,211 490,294 267,440 2,796,436 274,922 145,767 
Mar-05 3,571,456 1,102,026 113,581 62,925 0 2,769,524 1,132,520 347,972 4,071,102 1,554,946 321,260 
Apr-05 1,466,057 460,444 126,509 51,114 0 1,448,862 347,169 323,242 3,554,385 171,016 58,008 
May-05 5,671,110 1,756,939 143,847 50,098 63,365 931,901 144,544 302,769 1,454,563 46,827 27,475 
Jun-05 448,324 151,781 173,075 46,716 0 284,977 48,418 268,928 335,254 18,374 21,285 
Jul-05 4,821,881 1,483,908 187,611 51,626 171,818 63,758 24,294 249,981 182,099 245 5,994 
Aug-05 2,862,512 863,849 184,406 55,271 20,258 214,271 33,714 227,532 36,821 440 18,325 
Sep-05 2,929,169 950,949 196,492 53,400 171,586 121,032 3,034 190,246 7,584 318 20,356 
Oct-05 2,031,845 630,785 167,272 55,523 0 72,981 0 151,081 4,184 0 465 
Nov-05 1,257,491 397,383 149,894 52,272 10,615 82,939 0 125,950 73 0 0 
Dec-05 148,953 43,822 138,392 50,767 0 97,129 0 126,508 0 0 0 
Jan-06 1,303,952 411,865 137,090 46,550 105,923 117,191 0 101,631 0 0 73 
Feb-06 1,061,702 336,969 105,541 43,203 725 132,604 0 83,575 0 0 661 
Mar-06 5,102,072 1,646,313 130,051 51,176 200,471 549,501 64,002 95,260 1,492 758 101,044 
Apr-06 3,296,056 1,032,991 143,426 51,094 121,198 461,326 35,280 91,306 3,963 269 35,402 
May-06 6,106,524 1,939,088 155,753 57,175 227,562 1,155,224 95,661 104,968 196 1,615 152,715 
Jun-06 4,057,519 1,240,516 168,327 48,182 143,850 222,002 50,693 84,847 0 294 23,781 
Jul-06 1,441,558 453,076 184,980 48,047 0 52,870 13,163 80,091 0 0 24 
Aug-06 350,131 113,632 222,888 46,583 0 6,068 0 66,136 0 0 0 
Sep-06 2,859,332 902,969 164,934 47,471 136,267 16,050 0 61,067 0 0 856 
Oct-06 5,851,985 1,854,660 141,478 50,473 253,976 93,263 0 70,990 0 73 10,716 
Nov-06 3,612,903 1,082,828 134,118 46,621 239,277 118,170 0 69,287 0 147 4,159 
Dec-06 149,754 43,921 115,760 52,965 0 327,107 1,395 87,675 0 612 59,232 
Jan-07 8,884,096 2,873,932 110,797 71,528 0 2,538,077 589,527 165,946 702,412 267,949 479,798 
 
 167 
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